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PREFACE TO THE FIRST EDITION 



This book has been developed from lectures given by the author 
during the past five years, under the auspices of the Dominion Bridge 
Co. His object has been to teach the elements of bridge and struc- 
tural design in a simple and practical manner. Arts, i to 14 
inclusive treat of the general principles of design, and are illustrated 
by numerous examples; while the remaining articles are examples 
of typical structures, in which the stresses are analyzed, the members 
proportioned, and the detail carefully worked out. 

Both analytical and graphical methods have been employed for 
obtaining stresses, and the one which seemed best suited for any 
particular subject has been adopted. But few are given, as it was 
thought unnecessary to repeat information given in any of the rolling 
mills' hand-books. 

Although the hook is intended principally for students and draughts- 
men, there are parts which may be of interest to practicing bridge 
designers. Particular attention is here drawn to Art. 17, which treats 
of the design of a knee-braced mill building; and to Art. 19, which 
discusses the rivet spacing and web splices in plate girders, in which 
one-eighth of the web plate is counted on as flange area. 

W. C. T. 

Montreal, March 10, 1905. 
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PREFACE TO THE SECOND EDITION 



This work, as stated in the preface to the first edition, published 
in 1905, was originally developed from lectures given by the author 
under the auspices of the Dominion Bridge Co. The aim throughout 
has been to set forth the elements of l)ridge and structural design 
in a simple and practical manner, so that the man unacquainted with 
the higher mathematics may be led to understand the principles in- 
volved in the design of simple structures. 

Notwithstanding its many imperfections, the first edition met con- 
siderable favor among the class for whom it was principally intended, 
viz., students and draughtsmen; and as that edition has become 
exhausted, at the request of the publishers, the author undertook 
to revise it for a new edition. This revision has resulted in an 
entirely new book; every line has been re-written and every illus- 
tration, re-drawn; while much new material has been added, making 
the volume more than double the size of the first edition. 

W. C. T. 

Montreal, December, 1909. 
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BRIDGE AND STRUCTURAL DESIGN 



CHAPTER I 

Art. 1. Definitions 

Dyaamics is the science which treats of laws deduced from the 
observed relations existing between force and matter. The science 
is divided into three branches: Mechanics, Hydrostatics and Pneumatics. 

Mechanics is that branch of dynamics which treats of the laws 
governing the action of force upon solid matter. 

Hydrostatics is that branch of dynamics which treats of the laws 
governing the action of force upon liquids. 

Pneumatics is that branch of dynamics ^^hich treats of the laws 
governing the action of force upon gases. 

Kinetics is a branch of mechanics treating of the movement of 
solid bodies produced by forces not in equilibrium, as in the case of 
machines. 

Statics is also a branch of mechanics, and treats of the laws and 
conditions of forces acting upon solids at rest, as in the case of bridges 
and other structures. 

Force. A force is that cause which produces the following eflfects: 
I St. Change of motion or acceleration of a body; 2d, an opposition or 
balancing of other known forces; 3d, a measurable deflection or distor- 
tion in elastic bodies. The first effect relates to the study of kinetics; 
the second and third to the study of statics. The action of gravity, 
wind, steam, and animal power, are familiar examples of force. A 
force is clearly defined when its point of application, direction and 
magnitude are known. 
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Strain is the distortion or change in shape of a body produced 

by the application of equal but opposite forces, and is measured in 

units of length, such as inches. 

TT -i. ox • • .!_ .• alteration in length d 

Unit-Strain is the ratio -. — r-j i^— =t- 

original length / 

Stress is the internal resistance developed in a body when strained 
by the application of external forces, and is measured in units of force, 
such as pounds or tons. 

Tensile Stress or Tension occurs when the opposing forces act- 
ing upon a body tend to pull it apart, as in the tie-bars and bottom- 
chord of a simple span truss. ' 

Compressive Stress or Compression occurs when the opposing 
forces acting upon a body tend to compress it, as in the posts and top- 
chord of a simple span truss. 

Shearing Stress or Shear occurs when the opposing forces 
acting upon a body tend to cause one section to slide past 
another. 

Bending Stress or Bending, also called Transverse Stress, is a 
combination of tension, compression, and shear, and is produced by 
loading a beam transversely. 

Unit-Stress in bridge and structural design is the stress per square 

. , ^ . total stress P 

inch of section = -2 ; — = -r. 

area of section A 

Elasticity is that property which a material possesses of return- 
ing to its original form and dimensions when the external forces caus- 
ing distortion are removed. 

Elastic Limit. Within certain limits every solid body is elastic, 
and the strain or distortion therein is directly proportional to the forces 
producing it, as well as to the stress resisting it. This is known as 
Hooke's law. But when the straining forces are increased to a certain 
point, the strain will increase more rapidly than these forces; and, 
when relieved, the body will not entirely regain its original shape, but 
will be found to have taken a permanent set. The maximum stress 
per square inch up to which the strain increases proportionately to the 
stress is called the elastic limit; and this elastic limit varies with the 
material and kind of stress, whether tension, compression, or shear. 
For mild steel, which is the material principally used for structural 
purposes, the elastic limit in tension is about 32,000 lbs. per sq.in.; 
and, in compression, about 42,000 lbs. per sq.in. After the elastic 
limit of a given material has been reached, additional increments of 
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the external forces cause rapidly increasing increments of strain up to 

the breaking point. 

Ultimate Strength. When a body is tested to destruction in a 

testing machine, the maximum stress per square inch of the original 

cross-section, which occurs previous to rupture, is called the tdtimaie 

strength of the given material. For mild steel, the ultimate strength in 

tension is between 60,000 and 70,000 lbs. per sq.in. 

unit-stress 

Modulus of Elasticity is the ratio — ; r^, and varies with the 

unit-stram 

material as well as with the kind of stress to which it is subjected. The 

modulus of elasticity in general use is that for tensile stress, known as 

Young's Modulus, and represented by the letter E. Then 

_ unit-stress _P , (^ _P ^ 
unit-strain A ' I Ad' 

in which £ = modulus of elasticity in lbs. per sq.in.; 

P= total tensile stress in a bar of any given material, in.lbs. ; 
A =area of cross-section of bar in sq.ins. ; 
/= original length of bar in inches; 
</ = total strain, or stretch, in inches. 

If a bar of any given material could be stretched to twice its original 
length (i.e., until </=/) without exceeding its elastic limit, then 

Thus the modulus of elasticity may also be defined as that unit-stress 
to which it would be necessary to subject a bar of any given material 
in order to double its length, provided the bar could remain perfectly 
elastic. 

This modulus or coefficient is constant for any one material within 
its elastic limit, but steadily decreases beyond this point. Unit-stresses 
should always be well within this limit, however, and, consequently, 
the modulus of elasticity may be considered constant for any given 
material. For most materials employed in bridge and structural de- 
sign, the modulus of elasticity in compression is practically the same 
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as for tension, and thus the two are assumed to be equal. The modulus 
of elasticity enables one to compute the deflections or distortions of 
beams or framed structures when the forces acting on them are given; 
or, by measuring the distortion due to the external forces, the stresses 
in the various parts of a structure may be determined. 

The modulus of elasticity for mild steel is about 29,000,000 lbs. per 
sq.in.; for wrought iron, about 27,000,00 lbs. per sq.in.; for cast iron, 
about 15,000,000 lbs. per sq.in.; and for timber, about 1,500,000 lbs. 
per sq.in. 

Example i. It is required to know the distortion or strain in a 
mild steel bar of 2.0 sq.ins. cro&-section and 240 ins. long when sub- 
jected to a tensile stress of 32,000 lbs. 

r. ^ ^ J ^ ^ XT P 32,000 
Smce -^1 = — •-, rf = — •^. Now -j.^- =16,000; / = 24o; 

^ ^, 16,000X240 . , . , . 1 

£=20,000,000. Then =0.132 m., which is the the dis- 

29,000,000 

tortion (or stretch) under these conditions. 

Example 2. A cast iron column of 6.0 sq.ins. cross-section and 120 

ins. long compresses when loaded o.io in. It is required to know 

what load it is carrying. 

Since £ = -r --y, -t^-j-' Here £ = 15,000,000; {i = o.io; /=i2o. 
A a A I 

_, P 15,000,000X0.16 ,, . , 

Then -r= = 12,500 lbs. per sq.m.; and 12,500X6 = 

A 120 

75,000 lbs., which is the load on column. 

Example 3. It is observed that a timber column, 10 ins. square 

and 12 ft. long, is compressed 0.0576 in. under a load of 60,000 lbs. 

From these data it is required to determine its modulus of elasticity. 

P 60,000 , „ . , . , 

Now — = — ■ — =600 lbs. per sq.in.; / = i44 ms.; a = o.OE:76 in. 

^, -PI 600X144 1. 

Then £ = -r •v = ^ = 1,500,000 lbs. per sq.m. 

A a 0.0570 
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Art. 2. Thk Composition and Resolution of Forces 
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The Resultant of two or more forces is that single force which 

will produce the same effect as the combined action of the original forces. 
The Components of a force are the several forces which, by their 

combined action, would have the same effect as the single force. 

In Fig. ijAB and CB are drawn so as to represent both the magnitude 

and the direction of two forces in the same plane and acting through 

the same point B, Through A and C lines are drawn parallel to the 

forces, intersecting in the point D. Then the 

diagonal DB represents both the magnitude and ^ 

the direction of the resultant of the two forces 

AB and CB, A force of equal magnitude to 

DB but acting in the opposite direction would 

balance the original forces; or, in other words, the three forces would 

then be in equilibrium. The figure is called the parallelogram of forces. 
In Fig. 2 it is required to find the components of the force repre- 
sented by the load P, applied at the apex of the two rafters AB and CB. 

A vertical line BD is drawn to represent the load 
P; and, from the point D, lines are drawn parallel 
to the rafters. Then FBj parallel to the rafter 
ABy is the stress in that member; and EB, the 
stress in CB. The horizontal lines FH and EG 
represent the horizontal components of the thrusts 
of the rafters, which are the same for both. HB 

is the vertical component of the thrust of rafter AB; and GB, the 

vertical component of the thrust of rafter CB. 

In Fig. 3 one rafter AB is inclined, and the other rafter CB is 

horizontal. The load P is applied at B. Then a vertical line BD is 

drawn to represent the load P; and, from the 

point Dj lines are drawn parallel to the rafters 

AB and CB. Now FZ), which is the hori- 
zontal component of the stress in AB, is equal 

to the stress in CB] and DB, the vertical 

component of the stress in AB, is equal to the 

load P, In other words, the rafter AB takes 

the whole vertical load, while CB is only 

subjected to a horizontal thrust. The stress in AB is equal to FB 

otDE. 




Fig. 2. 




Fig. 3. 
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If any number of forces in the same plane meet in a point as 
in Fig. 4 (a), their resultant may be found by drawing lines 

end to end equal and parallel to the forces A, By C, 

Dj and £, as in Fig. 4 (b). The closing line R represents 

R the magnitude and direction of the resultant. This 

(a) diagram is called the polygon of forces. The arrow 




heads represent the directions of the forces, and follow 
one another around the diagram. The direction of 
the resultant is always towards the last force drawn. 
A force equal to the resultant, but acting in the 
opposite direction, would hold the forces in equilib- 
FiG. 4. rium. 

If any number of forces in the same plane and acting through the 
same point are in equilibrium, their force polygon will form a closed 
figure; and, if the direction of all the forces be known, and the mag- 
nitude of all but two, a force polygon can be constructed, from which 
the unknown forces may be found by scale. This principle, when ap- 
plied to the forces acting at the panel-points of a bridge or roof truss, 
enables one to determine graphically the stresses in all of the various 
members. 

In Fig. 5 (a) there are five forces acting through the same point. 
These forces are denoted by the letters between which they lie, which 
is the usual and undoubtedly the most con- 
venient method of notation to employ in the 
graphical solution of problems of this nature. 
The forces ^5 = 5,000 lbs., 5C = 12,000 lbs. and 
CZ) = 25,000 lbs. are given, but for the forces DE 
and EA the lines of action only are given. Fig. 
5 (6) is the force-polygon, which is constructed 
as follows: Beginning with one of the known 
forces AB, the line AB is drawn parallel to and 
in the same direction as the corresponding force 
in Fig. (a), making its length equal to (by any 
convenient scale of pounds) the magnitude of 
the force ; next, from the point B, BC is drawn parallel to, in the same 
direction as and of equal magnitude to its corresponding force; and, 
from C, CD is draw^n in the same manner. The next two forces DE 
and EA are unknown, their lines of action only being given. Then, 
from the point D, a line is draw^n parallel to the force DE; and, from 
the point A , a line is drawn parallel to the force EA . These two lines 




Fig. 5. 
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intersect in the point £, and thus the magnitude as well as the direction 
of the forces DE and EA are determined; for, as explained in con- 
nection with Fig. 4 (ft), the arrow-heads in the force-polygon, represent- 
ing the direction of the forces, follow one another around the diagram. 
Thus the force DE in Fig. (a) acts towards the point of intersection, 
and the force EA away from it. The magnitude of force DE is about 
9,000 lbs. and that of EA about 35,000 lbs. Assuming that the lines 
of force in Fig. (a) represent the members of a framed structure, and 
that the forces are equal to the stresses in these members; then, when 
a force acts away from the panel-point, the stress in the corresponding 
member is tension; and, when a force acts towards the panel-point, 
the stress in the corresponding member is compression. 



Art. 3. Examples in Graphical Statics 



Example 1. Fig. 6 (a) represents a simple roof truss, the span of 
which is 20 ft., and its depth at the centre 5 ft. The trusses are 10 ft. 
apart and support (including their own weight) a load of 50 lbs. per 
sq.ft. of horizontal projection, concentrated at the panel-points by 
purlins (as in Fig. 62). The 
total load on one truss will 
then be 20 ft. X 10 ft. X 50 
lbs. = 10,000 lbs.; the load 
at each intermediate panel- 
point, 10,000-^-4 = 2,500 lbs.; 
and the load at each end 
panel-point, 2 , 500 -^ 2 = i , 2 50 
lbs. The loads at the end 
panel-point are supported 
directly by the walls, and do 
not affect the stresses in the 
truss. 

Capital letters are used to denote the external forces, consisting of 
the loads and the reactions of the end supports ; while small letters are 
used in the triangular spaces between the rafters, bottom chord and 
web-members. The various truss members, as well as the stresses 
therein, are indicated by the letters between which they lie. 

The stress-diagram. Fig. 6 (6), is constructed as follows: Beginning 
with the load AB at the left-hand end of the truss, and taking the ex- 




FiG. 6. 
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ternal forces in regular order in going around the truss in a clock-wise 
direction as indicated by the curved arrow, the loads AB, BC, CD, DE 
and EF are laid off (to any convenient scale of pounds) on the vertical 
load line downwards. The next external force is FG which is the re- 
action at the right hand end of truss, and equal to one-half of the total 
load on the span. This force is laid off upwards from F to G, as it 
acts in the opposite direction to the loads. Finally, the reaction GA 
at the left-hand end of the truss, which is also equal to one-half of the 
load on the span, is laid off upwards from G to A^ the point of beginning. 

Now, at the left-hand end of the truss, there are four forces meeting 
in a point; two of which forces, the reaction GA and the load AB, are 
known; and two forces, the stresses in members Bb and bG, are un- 
known. From the point B on the load line, a line is drawn parallel 
to the truss member Bb; and, from the point G a line is drawn parallel 
to the member bG. These two lines intersect in the f)oint b, and 
thus determine the stresses Bb and bG. Next, at the panel-point 
supporting the load BC, the stress in bB and the load BC are known, 
while the stresses in Cc and cb are unknown. From the point C on 
the load line, a line is drawn parallel to the member Cc; and, from the 
point b in the stress-diagram, a line is drawn parallel to the member 
cb] the two lines intersecting in the point f, and thus determining ihe 
stresses Cc and cb. At the apex of the rafters there are now but two 
unknown forces, viz., the stresses in Dd and dc. From the point D 
on the load line, a line is drawn parallel to the member Dd; and, from 
the point c in the stress-diagram, a line is drawn parallel to the mem- 
ber dc; the two lines intersecting in the point d, and thus determining 
the stresses Dd and dc. 

Since the truss and its loads are symmetrical about the centre line, 
it is unnecessary to proceed further with the stress-diagram, as the 
stresses in the right-hand end will evidently be the same as those in 
the left-hand end; but, in order to test the accuracy of the work, it is 
sometimes advisable to complete the stress-diagram for the whole truss, 
as has been done in Fig. 6 (b). When the work is carefully done, the 
stress-diagram will form a closed figure. 

In order to know whether the stress in a member is tension or com- 
pression, it is necessary to observe the direction of the forces in the 
stress-diagram. In going around any panel-point in the same direc- 
tion as that in which the external forces have been taken (in this case 
in a clock-wise direction), and taking the forces which meet in this 
point in reguar order, if the force in the stress-diagram acts towards 
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the panel-point the stress in the corresponding member is compression; 
and, if away from it, tension. For example: Referring to the panel- 
point at the apex of the rafters, and beginning with member cC, it 
will be observed that the direction of the corresponding force in the 
stress-diagram is towards this panel-point, which indicates compres- 
sion in the member. The next force met with is the load CDy the 
direction of which in the stress-diagram is also towards the panel-point. 
Then comes the member Dd with its corresponding force in the stress- 
diagram acting towards the panel-point, indicating that this member 
is also in compression. The last member meeting in this point is dc, 
and it will be observed that the direction of the corresponding force in 
the stress-diagram is away from the panel-point, and so the stress in 
this member is tension. 

The external forces, as well as the stresses in the various members, 
are shown on the diagram of the truss, Fig. 6 (a) ; the sign (-|-) indicat- 
ing compression, and the sign (— ) indicating tension. 

Example 2. One of the commonest forms of roof trusses 
is that known as the Fink Truss, so-caUed from the name of the 
inventor. 

Fig. 7 (a) is a truss of this variety. The span is 40 ft., and the angle 
which the rafters make with a horizontal is 30*^. The assumed con- 
centrations at intermediate panel-points are 2,500 lbs. each, while those 
at the end panel-points are 1,250 lbs. each. Beginning with the load 
AB at the left-hand end of the truss, and taking the external forces in 
regular order, as in the previous example, the loads A to J are laid off 
on the vertical load line, in Fig.* 7 {b) downwards; and the reactions 
JK and KA upwards, to the point of beginning. 

The stress-diagram is then proceeded with, beginning at the left- 
hand end of the truss where there are two known forces, the reaction 
A' -4 and the load AB; 2ls well as two imknown forces, the stresses in 
members Bb and bK. From the point B on the load line, a line is 
drawn parallel to the member Bb; and, from the point K a line is 
drawn parallel to member bK, These two lines intersect in the point 
6, and thus determine the magnitude of.the stresses Bb and bK. The 
former acts towards the panel-point under consideration, indicating 
compression; and the latter, away from it, indicating tension. At the 
panel-point supporting load BC, there are now but two unknown forces; 
and these are determined by drawing, from point C on load line, a' 
line parallel to member Cc; and, from the point b in stress-diagram, 
a line parallel to member cb; which two lines intersect in the point c» 
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Now it will be seen that the forces Cc and ch in the stress-diagram both 
act towards the panel-point considered, thus indicating compression 
in the corresponding members. Next, at the lower extremity of mem- 
ber cby there are two forces to find; so, from the f)oint c in stress-diagram, 
a line is drawn parallel to member r^i, intersecting, in the point Cj, the 
horizontal line passing through the point K on load line. Then the 
force cci acts away from this point, likewise the force CiX; thus the 
stresses in the corresponding members are tension. At the panel-point 




Fig. 7. 



supporting the load CD, a slight difficulty is encountered; for there 
are three unknown forces, viz., the stresses in members Z) J, (it/ 1 , and 
dic\. At the lower extremity of member d\Ci the same difficulty is met 
with. A nice method of solving this problem is to change some of the 
web-members of the truss temporarily, as in Fig. 8 (a). This arrange- 
ment leaves only two unknown forces at the panel-point supporting 
lt)ad CZ>, viz., the stresses in members Dd and rfc 1, which are obtained by 
drawing from the point D on the load line a line parallel to member 
Dd\ and, from the point c\ in stress-diagram, a line parallel to member 
dci ; the two lines intersecting in the point d. Now, at the panel-point 
supporting load DE^ only the stresses in members Ee and ed are un- 
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known; and these are determined by drawing, from the f)oint E on load 
line, a line parallel to the member £>; and, from the point d in stress- 
diagram, a line parallel to member ed\ the two lines intersecting in the 
point e. Finally, at the lower extremity of member ^i , of the altered 
truss diagram, the forces meeting in this point are all known, exce[)t 
the stresses in members ek and kK\ and these are found by drawing, 
from the point e in stress-diagram, a line parallel to member ek, inter- 
secting, in the i)oint k, the horizontal line passing through the point K 
on load line. The web-members may now be changed back to their 
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original form. Fig. 7 (a), and the polygon of forces completed for- the 
panel-point at the lower extremity of member d\C\. The only unknown 
force at this point is the stress in member d\ c\ ; and this is determined by 
drawing, through the point ci> Fig. 7 (6), a line parallel to this 
member, intersecting the line ek (obtained from Fig. 8 (6)) in the 
point ^1. 

When the truss is symmetrical and the loads at the panel-points 
equal, as in the present example, there is no difficulty in constructing 
the stress-diagram, for the points 6, r, </, e will always lie in a straight 
line; but, if the panel-lengths or the loads are unequal, as is some- 
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times the case, it will be necessary to resort to some methods for 
finding an extra force, either at the upper or lower extremity of 
member dici. 

Since the truss and its loads are symmetrical about the centre 
line, the stress-diagram for the left-hand half only has been con- 
structed. 

Example 3. A common form of roof truss is shown in Fig. 9 (a). 
The span is 50 ft. c. to c. of end bearings; the depth at ends, 4 ft. 




Fig. 9. 



c. to c. ; the depth at centre, 6 ft. c. to c. The concentrations at in- 
termediate panel-points are assumed at 2,500 lbs. each; and at the ends, 
1,250 lbs. each. 

Fig. 9 {b) is the stress-diagram, which is only constructed for one- 
half of the truss. There are no difficulties to be met with as in the 
preceding example; for, in its development, not more than two un- 
known forces will be found at any panel-point. There are no stresses 
in the end panels of bottom chord oM and 5M due to the vertical loads: 
but these members are required for lateral stability. 

Example 4. Sometimes a roof truss is required to slope in one 
direction only, as in Fig. 10 (a). The ^an i.s 40 ft. c. to c. of end bear- 
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ings; the depth at one end, 4 ft. c. to c; the depth at the other end, 
8 ft. c. to c. The concentrations at the intermediate panel-points are 
assumed at 2,500 lbs. each, and at the ends 1,250 lbs. each. 




Fig. 10. 

The stress-diagram, Fig. 10 (6), is constructed for the whole truss. 
In this case, there is no stress in the end panels of the too chord £b 
and li due to vertical loads. 



rr^ — F 



Art. 4. The Lever and Moments 

If a force act on a body tending to rotate it about a certain point, 
it is said to have a moment about that f)oint equal to the magnitude of 
the force (in poimds or tons) multiplied by the perpendicu- 
lar distance from the line of action of force to the said point. 

In Fig. II the force F acts about the point a with a 
leverage equal to y. The jx)int a is called the point of 
moments; and the distance y^ the lever arm. Then the 
moment of the force F about the point a is equal to Fy the unit 
being foot-pounds or inch-pounds according to the unit of length 
used. 

There may be two or more forces tending to rotate a body about 
a given point, either in the same or in the opposite direction; and if 



± 



Fig, II. 
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the body is in equilibrium, the sum of the left-hand (or an ti -clock wise) 
moments must be equal to the sum of the right-hand (or clock-wise) 
moments. Fig. 12 represents a beam supported at the point B, The 

load at A tends to rotate the beam in a left- 

0" — C^^Tn handed direction about its point of support, 

^^ — _- — f^.Jj and its moment about this point =3 lbs. X 10 ft. 
K- lo'-'A^e y^ _^Q ft.-Ibs. The load at C tends to rotate the 
Fig. 1 2. beam in a right-handed direction, and its moment 

about the point i5 = 5 lbs.X6 ft =30 ft. -lbs. 
Thus the moments of the loads about the point of support are equal 
but opposite, and the beam is balanced. 

A lever may be either straight or bent; but no matter what the 
actual length of the lever may be, the true lever arm is the perpendicular 
distance from the point of moments to the line of action of the force. 
Fig. 13 and 14 are examples of bent levers. 



force 



®, 



^•^ (^ 




_^_ I f I 

, . ^UverArm>^LjeverArm^ 

fUverArm^ • J 

Fig. i^^. Fig. 14. 

A Couple is a system of two equal parallel forces acting in opposite 
directions. If each of these forces be represented by P, and the per- 
pendicular distance between them, by re, then the moment of the couple 
^Px. A couple tends to revolve the body upon which it acts, and 
can only be balanced by an equal couple acting in the opposite direction. 



Art. 5. Examples Illustrating Method of Moments 

The principle of the lever enters into most mechanical problems, 
and by its aid reactions may be determined, as well as the stresses in 
the various members of a framed structure. The method of moments, 
which is founded on the principle of the lever, will now l)e illustrated 
by a few examples. 

Example i. In order to determine the reactions for a beam sup- 
ported at both ends and loaded in any manner, the beam may he con- 
sidered as a lever, pivoted at one end and supplied with an upward 
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force at the other end ; then the sum of the moments of the loads about 
the pivoted end of the lever must be balanced by the moment, about 
the same point, of the reaction or upward 
force at the opposite end. 

On the beam .45, Fig. 15, there are four 
jloads, placed as shown. Assuming that 
the beam is pivoted at By the sum of the 
moments of the loads about this point 
must be equal to the moment, about the same point of the reaction 
A. The sum of the moments of the loads about B is as follows : 



r"t n; tis 



FiG. 15. 



:j 



5,000 X 2 

2,000 X 7 
4,000X10 

3,500X14 



= 10,000 
= 14,000 
= 40,000 
= 49, coo 

113,000 ft. -lbs. 



Then 



reaction ^ X 17 ft. = 1 13,000 ft.-lbs. 



from which, 



1 1 3,000 
reaction A = — ^ = 6,647 lbs. 



To obtain the reaction at B, moments of the loads may be taken al^out 
A and dvided by the span, as before ; but, since the sum of the reactions 
must be equal to the sum of the loads, it is only necessary to add together 
the loads and subtract the reaction at .4, thus: 



Reaction B = 5,000 + 2,000 + 4^000 + 3)50o — 6,647 = 7^853 



lbs. 




Fig. 16. 



Example 2. Fig. 16 represents a bracket on 
the side of a wall, supporting a load of 5,000 lbs 
at B, For the stress in ABj mom'^nts are taken 
about the point C. The moment of the load about 
this point = 5,ooo lbs. X6 ft., while the resisting 
moment about the same point is equal to the stress 
in AB multiplied by the lever arm AC. Thus 
5,000X6 = stress in .45X6 



. 5,000X6 
stress in AB = - — = 5,000 lbs. 



16 BRIDGE AND STRUCTURAL DESIGN 

For the stress in CB moments are taken about the point A, The 
moment of the load about this point is the same as before; and the 
resisting moment is equal to the stress in CB multiplied by the lever- 
arm i4Z>=4.24 ft. 

Then 5,000X6 = stress in CJ5X4.24. \ 

«s,oooX6 

stress in CB = - =7i075 lbs. 

4.24 

Example 3. In the graphical determination of the stresses in a 
Fink truss, Fig. 7, Art. 3, it was foimd necessary to resort to a temporary 
change of some of the web-members in order to obtain the stress in 
the bottom-chord member kK. Now, if desired, the stress in this 
member may be readily computed analytically by taking moments, 
about the apex of the rafters, of all the external forces on either side 
of this point and dividing by the depth of the truss; for the moment, 
about the apex, of the stress in the bottom-chord must be equal to the 
moment of the external forces about the same point. The moment of 
the external forces about the apex is equal to the reaction KA multiplied 
by its horizontal distance from this point, less the loads AB, BC, CD 
and DE multiplied by their respective horizontal distances from the 
same point, thus: 

Moment at centre = 1 10,000 X 20) — { (1,250 X 20) 4- 2,500 X 

(15 f lo-h : } ^ 100,000 ft.-lbs. 

100 000 
Then the stress in kK== =8,650 lbs., which is the same 

'1-55 
as previously determined graphically. 
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Art. 6. Shearing and Bending Stress in Beams 




Fig. 17 (a) represents a simple beam supported at both ends and 
carrying a concentrated load P. The reacton at the left-hand end of 
the beam due to this load P is represented by i?i, and that at the right- 
hand end, by R2. Thus the Mad and the two reactions are the external 
forces which induce internal stresses, as follows: 

If a section of the beam be taken between the load P and the re- 
action Ri and the portion of the beam to the right of this section be re- 
moved, as shown at (6), then the re- 
maining portion of the beam may be 
held in equilibrium by a downward 
vertical force Q, which is equal to the 
upward reaction Ri and by two equal 
but opposite horizontal forces F, applied 
near the top and bottom of the beam. 
The force Qj which is termed the verti- 
cal shear, tends to cut the beam cross- 
wise, and is resisted by the strength of 
the material in this direction. Again, 

Ri and ^ form a couple, the lever-arm of which =5C. This couple, 
which tends to rotate the portion of the beam shown in a clock -wise 
direction, is termed the bending moment at the section. Now the hori- 
zontal forces F also form a couple, with lever-arm =^(/. This couple 
tends to rotate the portion of the beam shown in an anti-clockwise 
direction (thus counteracting the bending moment) and is termed the 
moment of resistance of the beam at the section. For equilibrium, these 
two couples must be equal to one another; or 



Oi^'(b) 



f 



Fig 



"?• 



from which 



RiX=Fd, 
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The forces F induce compression in the upper fibres of the beam, and 
tension in the lower fibres. 

Therefore it may be stated that a loaded beam is usually subjected, 
at any section,, to two kinds of stress, viz., vertical shear and bending. 
Shearing. The shearing stress tends to cause the particles of the 
beam to slide by one another in a vertical plane (as when a plate is 
cut in a shearing machine), and is equal to the algebraic sum of all the 
external vertical forces on either side of this plane. When the shearing 
force tends to cause the portion of the beam to the left of this plane to 
move upwards with respect to the portions of the beam to the right, it 
will be called positive; and, when the shearing force tends to cause the 
left-hand section to move downwards with respect to the right-hand 
section, it will be called negative. 

Bending. The bending moment at any point of a loaded beam is 
equal to the algebraic sum of the moments about this point of the 
external forces on either side of it. This moment of the external forces 
must be balanced by the equal but opposite moment of the internal__^ 
stresses in the beam. In the case of a lattice girder or truss, the bending 

moment is resisted by the moment of the 
stress in either chord, the lever arm being 
the distance c. to c. of the chords; but, in a 
solid beam or plate-girder, it is resisted by 
the entire cross-section. When the bending 
moment induces compression in the top 
chord or flange, it will be called positive; 
and when it induces tension in the top 
chord or flange it will be called negative. 
Fig. 1 8 {a) represents a beam loaded 
uniformly with a load w per lin. ft. At 
each end there are equal but opposite 
^^) forces acting on the beam, viz., one-half 
of the total load, acting downwards, and 
the reaction of the support, acting 

upwards, each equal to — . These two 



K- \ --- >< 

HiiiiiiiHiiHihniiimfiimmiiiiHiiiiiinmi 

I' i 11 (q) 




Fig 



forces tend to shear the beam, or cut it cross-wise. The shearing 
force at any point distance x from the left-hand support is equal to the 
reaction at that support, minus the load on the length x\ or, 



Shc:ir at x= wx, 



(0 



SHEARING AND BENDING STRESS IN BEAMS 19 

which is the equation of a straight line, the maximum positive ordinate 
at the left-hand end, and the maximum negative ordinate at the right- 

hand end being each equal to — , as shown in Fig. iS (b). At the centre 

of the span, where the line crosses the axis, the shear is zero. • 

For a moving uniform load, the maximum positive shear at .v occurs 
with the load covering all that portion of the beam to the right of this 
point; when the shear is equal to the left-hand reaction, which is ob- 
tained by taking moments of the load about the right-hand support 
and dividing by the span, thus: 



Maximum shear at x for moving uniform load = - ,(/~a")-, . (2) 

which is the equation of a parabola with vertex at the right-hand end. 
When the load covers the span, .v = o, and the maximum shear = — , 

as before. The maximum positive shear at any point for a moving 
uniform load may be obtained by constructing a parabola, Fig. 18 (r), 
\nth vertex at the right-hand end of the span, and making the maximum 
ordinate at the left-hand end equal to the maximum shear, when the 
shear at any point will be equal to the ordinate at that point. 

When there are both a fixed uniform load covering the span and 
a moving uniform load, the total maximum shear at any point will be 
equal to the sum of the two shears found independently. 

The bending moment at any point distant .v from the left-hand 

support is equal to the moment of the reaction about this point, 

minus the moment of the load on the length x about the same point. 

wl 
The reaction = — , and its lever arm=.v; the load on the length x=wx^ 

2 

.V 

and its lever arm =—. Then the 

2 

wlx WX'^ 

Moment at A", or Afx = , . . . . (3) 

which is the equation of a parabola with vertex at the centre of the 

span. When .v=— , 

2 

_ ivP 
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Having computed the centre moment, the moment at any point 

may be obtained graphically by con- 
structing a parabola, as in Fig. i8 ((/), 
and making the centre ordinate equal 
to the maximum moment, when the 
moment at any point will be equal to 
the ordinate at that point. 

For a single load P distant x from 
the left-hand support of the beam, 
Fig. 19 (a), the positive shear is equal 
to the reaAion at that end, and is 
obtained by taking the moment of 

the load about the right-hand support and dividing by the 

span, thus: 




Fig. 19. 



Positive shear = P 



l—x 



(5) 



.X 



The negative shear =Py. The positive and negative shears are 
shown graphically in Fig. 19 (Jb). When x=o, the positive shear = -P, 
and the negative shear = o. When x——, the positive and negalive 



shears are each equal to — . 

2 

The bending moment at the point of application of the load is equal 
to the left-hand reaction multiplied by its distance from this point. 



il/x = /^^-pv, 



(6) 



as shown in Fig. 19 (c). When x= -, or when the load is on the 
centre of the span, the moment is a maximum; then 



iW iTunr — 



Pi 



max 



(7) 
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Fig. 20 (a) represents a beam supported and fixed at one end, carry- 
ing a load w per lin. ft. 

The shear at any point distant x from the free end =wx. The shear 
at fixed end, or 

Shear, maximum, = 7r/ (8) 



The shears are represented graphicaUy in Fig. 20 (b). 



wx^ 



The moment at any point distant x from the free end=— ^^, which 

Is the equation of a parabola with vertex at the free end of the beam, 
a^ shown in Fig. 20 (c). The maximum ordinate of this curve is 
actual to the moment at the fixed end; then 



2 



max. 



(9) 






^"■'""" iiiniiimiiimiiTTmn ^ 




^ 



k- x-->* 



i:::(a) 



■ili^^ 



oTCb) 




Fig. 20. 



Fi;. 21. 



Fig. 21 (a) represents a beam supported and fixed at one end, carry- 
ing a concentrated load P at the outer end. 

The shear, which is constant throughout and equal to P, is illus- 
trated in Fig. 21 (6). 

The moment at any point distant x from the load P is equal to Px^ 
which is the equation of a straight line with origin at the free end of the 
beam, as shown in Fig. 21 (c). The maximum ordinate of this line is 
equal to the moment at the fixed end; or 



M^^^=Pl. 



(10) 



Moment Diagram. Shears and bending moments for any sys- 
tem of concentrated loads may be obtained graphically by means of a 
moment diagram. 
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Fig. 22 (a) represents a beam supporting five concentrated loads, 
•f 1, ^2, P3, Pi, P&- In Fig, 22 (ft) these loads are laid off in regular 
order to a convenient scale of pounds on the vertical load line, as shown. 
The point O, called the pole, is taken at any convenienl distance to the 
right o( the load line (perferably some even number of pounds, measured 
by the same scale as that used for the loads on the load line) ; and from 
this pole radial lines are drawn to the points of division on the load line 
representing the loads. This figure is called the force diagram, and 
Ihe horizontal distance of the point O from the load line is called the 
pole distance. 

The equilibrium fwlygon, Fig. 22 (r), is constructed next. Be- 
ginning at any convenient point I on the vertical through P\, a line is 
drawn to the left, parallel to the 
first radial line in force diagram, 
^*'' and intersecting the vertical 
through ^1 in ihe jx>inl s. Again, 
from the point /, a line is drawn 
to the right, parallel lo ihe sec- 
ond radial line in force diagram, 
and intersecting the vertical 
through P2 in the point u. From 
the point » a line is drawn to the 
right parallel to the third radial 
'"' line in force diagram and intcr- 

W secting the vertical through /".i 

in the point v. The remainder of the equilibrium polygon v, w, x, y 
is constructed similarly. It should be noted that the two adjacent sides 
of the equilibrium polygon, to the left and right of any load, are parallel 
respectively to the two radial lines which pass through the upper and 
lower extremities of the corresponding load in the force diagram. The 
line sy, which connetis the points of intersection of the verticals through 
Ri and R2 with the equilibrium polygon, is called the closing line. 

Now, the ordinate at any point between the closing line and the equi- 
librium polygon is proportional lo the moment at that point; and thir 
ordinate multiplied by the pole distance is equal to the moment. 

A line drawn from Ihe point O in force diagram, parallel to tite clos- 
ing line sy, and intersecting the vertical load Uik, determines Ihe reactions. 
The upper part represents the left-hand reaction ^1 and the lower pan 
represents the right-hand reaction R2, as shown. The shear al any 
point of the beam between ^1 and P\ is equal to the reaction Wj. The 
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shear between Pi and P2 is equal to the reaction /?i, minus the load 
P\ , and the shear between P2 and P3 is equal to the reaction /?i minus 
the loads Pi and Po. 

If the two outer sides of the equilibrium polygon st and xy be pro- 
duced to an intersection in the point ^, and a vertical drawn through this 
[)oint, the vertical will represent the position of the resultant of the loads 
contained between the two sides produced. In other words, the ver- 
tical will determine the centre of gravity of these loads. 

The moment diagram is particularly suitable for obtaining moments 
and shears due to wheel loads used in designing railway bridges, as more 
particularly explained in another book by the author entitled " The 
Design of Typical Steel Railway Bridges." 



Art. 7. Moment of Resistance 

The moment of resistance of a beam must be equal to the moment 
of the external forces acting upon it. When a beam is loaded trans- 
versely, it bends about the neutral axis which lies in the centre of gravity 
of its seection. The fibres on one side of this neutral axis are com- 
j)ressed and those on the other side are extended, while the fibres in 
the neutral axis are neither compressed nor extended. The fibres 
which are farthest from the neutral axis are stressed most; and, pro- 
vided the maximum stress does not exceed the elastic limit of the mate- 
rial, the intermediate fibres are stressed in direct proportion to their 
distance from the neutral axis. Then the moment of resistance of a 
beam is equal to the moment of all the fibre stresses about the neutral 
axis. 

The moment of resistance of a beam of rectangular cross-section 
may be deduced as follows: 

In Fig. 23, //= depth of beam in inches, 
6 = breadth of beam in inches, 
/i=max. fibre-stress in lbs. per sq.in. 

The shaded portions (in elevation) represent the total fibre-stresses, 
which vary in intensity from zero at the neutral axis to a maximum at 
the top and bottom of the beam. The total stress on either side of 
the neutral axis is equal to the area of the triangle (whose base is equal to 
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the maximum fibre stress and whose altitude is equal to one-half the 
depth of the beam) multiplied by the breadth of the beam; and the 
sum of these total stresses (the one tension, and the other compression) 




Elevation. 



Cross Section 



Fig. 23. 

multiplied by the distance from the neutral axis to the centre of gravity 
of the triangles is the moment of resistance, thus: 

The total stress on either side of the neutral axis="^^ b; the 

2 2 

distance from the neutral axis to the centre of gravity of the triangles =—. 

Then 

Moment of resistance of rectangle in in .-lbs . = 2 1 — — ^ J — =/i —r- , ( i ) 

The factor — -, which is the same for all rectangles, is called the 

section modulus, and is represented by S. Now, if the moment of 
the external forces be represented by M, then 

M^fiS', (2) 

M 



/i = 



5= 



M 



A 



(3) 



(4) 



The following is a general method for determining the moment of 
resistance of a beam of any section. 

In Fig. 24/i=stress in lbs. per sq.in. on extreme outer fibres; 

)'i= distance in inches from neutral axis (through the 
centre of gravity of section) to the outer fibres 
where the stress =/i ; 
y= distance in inches from neutral axis to any fibre; 
a=an infinitely small area. 
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Then — =stress in lbs. i)er sq.in. on fibres, at a distance of 

*' - 

I in. from neutral a.\is; 
■ ->'=stress in lbs. per sq.in. on fibres at a distance of y 

from neutral axis ; 
—V(i= stress on an element of fibres at a distance of y 

yi 

from neutral axis; 



(^^),. 



moment of stress in in. -lbs. on an element of fibres 
at a distance of y from neutral axis. 

Neutral 





Elevation. CroM5€ctlon. 
Fig. 24. 

This last expression, taken for all values of y, both above and below 
the neutral axis, is the moment of stress (or moment of resistance) of 
the given section ; or 

yi yi 

The factor Hy^a is called the moment of inertia of the section, and 
is represented by /. It is obtained by multiplying each elementary 
area by the square of its distance from the neutral axis, and taking the 
sum of the products. 

If the symbol / be substituted for 2y-a, then 

-l^=/i ~j (5) 

yi 

/x = ^ (6) 

The factor — is the section modulus S. For an unsvmmetrical 
vi 
section as here shown, the section moduli for the top and bottom flanges 

are different. The section modulus for the bottom flange is equal to 
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the moment of inertia divided bv the distance from the neutral axis to 
the outer fibres of that flange. 

Calling the fibre-stress per sq.in. at a distance of v from the neutral 
axis/, then 

/= / (7) 

It will now he necessary to consider the method of computing the 
moment of inertia for various sections. 



Neutral 






Fk;. 2!;. 



Art. (S. Moment of Inertia 

It has been shown in the previous article that the moment of inertia 
of a beam, which is represented by /, is a factor of its moment of 
resistance; and is equal to the sum of the products of each elemen- 
tar}' area of cross-section multiplied by the square of its distance from 
the neutral axis through the centre of gravity. 

For the moment of inertia of a rectangle about an axis through its 
centre of gravity, the section may be supposed to be divided into thin 
l<b)j strips, as shown in Fig. 25. The length of each 

*" '^^^."T strip = 6, its thickness=/, and the distance of its 

^ j A;</5 centre of gravity from the neutral axis=y. Then 
the summation of hiy^ is the approximate mo- 
ment of inertia of the section; and the thinner 
the strips the more accurate will be the result. 
By the hel[) of the calculus in which the thickness of each strip is 
made infmitcly small, an exact result may be obtained, which is 

I = - (1) 

12 

For this section, the moment of inertia may also be deduced from 

the section modulus, thus: 

/ . . // hh^ 

From the previous article - =.S'. Then, since y\=— and S = -~, 

y\ '2 6 

I--=Sv] — . 

2 12 

• In order to illustrate the degree of accuracy of the approximate 
method, as explained above, the moment of inertia of a rectangle 2 ins. 
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in breadth by 12 ins. deep will be computed in accordance therewith, 
and also by equation (i). 

Assuming that the section is divided into twelve strips one inch 
thick (six above and six below the neutral axis), the area of each strip = 
1X2 = 2 sq.ins. The distance from the neutral axis to the centre of 
gravity of the first strip =0.5 in., that to the centre of gravity of the 
second strip = 1.5 ins., to the third strip = 2.5 ins., to the fourth strip = 
3.5 ins., to the fifth strip =4.5 ins. and to the sixth strip = 5.5 ins. Then 

/ (approx.) = (o.52 + i.524-2.5--f 4.52-}-5.52)X2X2 sq.ins. = 286. 

If, now, the section be divided into twenty-four strips A in. thick, the 
area of each strip = A X 2 = i sq.in. Then, multiplying each area by the 
square of the distance of its centre of gravity from the neutral axis, 
as before, 

/(approx.) = (0.252+0.752 + 1.252 4- 1.7524-2.252 + 2.752 4-3.252 

+ 3.752 + 4.252 + 4.752 + 5.252 + 5.752) X2X1 sq.in. = 287.s. 

By the exact method, equation (i) 

_ bh^ 2X12-'^ 

/= — = = 288. 

12 12 

Thus the difference between the first approximation and the exact 
result is less than three-quarters of one per cent, whereas the second 
approximation is almost exact. 

The approximate method of computing moments of inertia is very 
suitable in dealing with an irregular sec- 
tion, such as that of a track rail. It is 
first necessary, however, to determine the ^.^yjm 
position of its centre of gravity, which may 
.be done by cutting the section out of card- 
board and balancing over a knife-edge. 

For a triangle, Fig. 26, the moment of inertia about an axis through 
its centre of gravity and parallel to its base, is 

'=.6 (-'> 
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For a circle, Fig. 27, the moment of inertia about an axis through its 
centre is 



/ = 



64 



(3) 



Neutral 



The moment of inertia of a compound section about an axis through 
its centre of gravity is equal to the sum of the moments of inertia of 

the component parts about axes through 
their own centres of gravity, plus the areas 
of the component parts, multiplied by the 
squares of the distances of their individual 
centres of gravity from the neutral axis of 
the whole figure. Then the moment of- in- 
ertia for any section composed of rectangles, triangles, or circles may 
be computed by the aid of the formulae for the moments of inertia of 
these three shapes, as given above. 




Fig. 27. 



Art. 9. Calculations of Moments of Inertia 



Example i. Fig. 28 represents a 6X3^ XV in. angle, divided ioto 
two rectangles: one 6X0.5 in. =3.0 sq.ins.; and the other 3X0.5 in.= 
1.5 sq.ins. It is first necessary to find the ^ 

positions of the axes ah and cd through , j 

the centre of gravity eg. For the axis 
ab moments of the areas are taken about 
the back of the shorter leg; the distance 
to the centre of gravity of the 3-inch leg 
being 0.25 in., and that to the centre 7 ^fr^ 

of gravity of the 6-inch leg being 3 ins. ; 
thus: 



0.833" 
a2S\Y '\o.563" 



I I D 

2? : S 



Tl • • t" 1* 



Areas. Levers. Moments. 

1.5 sq.ins. X0.25 ins. =0.375 
3.0 sq.ins. X 3.00 ins. =9.000 






X¥~— 






-.^-b 






«30 






oM 



I k|/.5-5K/.5>| Q 



4.5 sq.ms. 



9-375 



Fig. 28. 



Then the total moment, divided by the total area, is the distance from 
the point of moments to the centre of gravity; or, 9.375 -7-4.5 = 2.08 ins* 
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For the position of the axis cd, moments are taken about the back 
of the longer leg and divided by the total area, as before. 

Areas. Levers. Moments. 

3.0 sq.ins.X0.25 ins. =0.75 
1.5 sq.ins.X 2.00 ins. =3.00 



4.5 sq.ms. 



3-75 



Then 3.75 -^4.5=0.833 ins., which is the distance from the back of 
the longer leg to the axis cd. 



For rectangle (6X0.5 in.), / = 



Moment of Inertia about Axu: ah 

hh^ _o.5X63 

12 12 

Area of rectangle into sq. of dist. of its e.g. from axis = 3.0X0.92^ 

T- 1 . -XT ^^^ 3.0X0.5^ 
For rectangle (3X0.5 m.), /= — =^ ^ 

Area of rectangle into sq. of dist. of its e.g. from axis = 1.5X1 .83- 

Moment of Inertia about Axis cd 

bh^ 6.0X0.53 



For rectangle (6X0.5 in.), / = 



12 



12 



Area of rectangle intosq. of dist. of its e.g. from axis = 3.0X0.583^ 
For rectangle (3X0.5 m.), /== 



12 



12 



Area of rectangle into sq. of dist. of its e.g. from axis =1.5X1.167 



2_ 



9.00 

2.54 
0.03 

5.02 
16.59 

0.06 
1.02 
1. 12 
2.04 

4.24 



Example 2. Fig. 29 represents a 24-inch I-beam at 80 lbs. per foot^ 



As this section is symmetrical, the axes 
ab and cd are centre lines, as shown. 
The figure is divided into rectangles 
and triangles, from which the area may 
be computed, as follows: 

Area of web =22.80X0.5 =11.40 

Area of flanges =7.0X0.6X2 = 8.40 

r . 1 ^.2sXo.t;42 
Area of triangles = ^^— ^^ ^^-^ X 4 = 352 



IJ33Y- ^ 
\ 



:c 



<M 







S S 
^-^ 



t ^V325>\<3£5^ ^: I 

,>Ly |. 



CV4 JH ^ 



CV4 



(VJ 



± 



r*Jr 



J 5 is 



Square inches, 23.32 



7 --^ S cs 
•d 
Fig. 29. 
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Moment of Inertia about Axis ah. 

For web, / = — ^'""Ti ^ "^^^'^^ 

17 fl T ^^^^^ 7.0X0.63 

For flanges, / = — X2 =^- X2 = 0.2s 

12 12 -^ 

Area of flanges into sq. of dist. of their e.g. 

from axis =8.40X11.702 =1149.88 

1- . , T ^^^^ ^.2sXo.S42'^ 

For triangles, / = --X4 =- -^^^-^^^ X4= 0.02 

36 36 

Area of triangles into sq. of dist. of their e.g. 

from axis =3.52X11.2192 = 443.05 



2087.05 



Moment of Inertia about Axis cd 



r bh^ 22.8X0.S''' 

r or web, / = — = ^ = 0.24 

12 12 

_ _ , bli^.. 0.6X7.0^ 

ror flanges, / = — X2 = X2 = 34.30 

^ . , ^ bh^ o.S42Xs-2S'^ 

For triangles, /=--X4 =-^^^t^-X4= 2.07 

30 30 

Area of triangles into sq. of dist. of their e.g. 

from axis =3-52X1.3332 = 6.26 



42.87 

It is seldom necessary for the designer to compute the various prop- 
erties of angles, beams, channels, etc., as they are given in the handbooks 

» published by the rolling mills companies. 

j^ § In the subsequent examples these books will 

I If — ~qE~~^ generally be referred to for the necessary data. 
5 jji Example 3. Fig. 30 represents a section 



a- 



I - -*-J-icu composed of 

^j|1 "v?;" I web-plate 1 2 X J ins. = 6.00 

azsi^ i^d.oa" § 4 angles 6X3*X* ins. = 18.00 

Fig. 30. 24.00 sq.ins. 

The section is symmetrical, and the two axes ab and cd correspond 
with the centre lines. For the 6X3Vxi in. angles, the centre of gravity 
and moments of inertia have already been computed in Example i. 
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Moment of Inertia about Axis ah 

For web-plate (12 X^ in.), / = — =— ^ 

12 12 

For four angles (6X3iXi in.), / (Example i) =4.24X4 

Area of angles into sq. of dist. of their e.g. from 

axis =18.0X5.17^ 



= 72.00 
= 16.96 

= 48 1 . 1 2 
570.08 



Moment of Inertia about Axis cd 

17 1 1 4 / wi • ^ J hh^ 12.0X0.53 
For web-plale (i2Xi m.), / = — = ^ 

For four angles (6X3iXi in), / (Example i) =16.59X4 
Area of angles into sq. of dlst. of their e.g. from 

axis =18.0X2.332 



Example 4. Fig. 31 represents 
a chord section composed of 



= 0.12 
= 66.36 

= 97.72 
164.20 



»o c. 

^ |«"/?-— >k— /2'— >| 



»T-i--=^ 



Two 15" channels at 33 lbs. = 19.80 

One 24 X J in. cover-plate = 12.00 i-.^! 



«o *' 



Sq.ins. 31.80 






P 



__!__ 



I Ch (vj Qi 



\^-8.5^^8.5''M \0J9' 



d<-9.29->l 

Fig. 31. 



To find the position of the axis 
ah through the centre of gravity of 
the section, the simplest method is 
to take moments of the areas about the centre of gravity of the channels, 
and divide by the total area. The result will be the distance from the 
centre of gravity of the channels to the required axis, thus: 

Area**. Levers. Momenta. 

Channels 19.8 sq.ins. Xo.o ins. = o 
Plate 1 2 .0 sq.ins. X 7 • 7 5 ins. = 93 



j'1.8 sq.ins. 



93 



Then 93 ^31.8 = 2.92 ins., which is the required distance. 
The axis cd corresponds with the centre line of the section. 
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Moment of Inertia ahotU Axis ah 

^ t . 1 T ^^''^ 24X0.53 

For 24 Xi in. plate, /= — = = 0.25 

Area of plate into sq. of dist. of its e.g. from axis = 12.0X4.83^= 279.95 

For two 1 5-in. channels (from Carnegie), 7=312.6X2 = 625.20 
Area of channels into sq. of dist. of their e.g. from 

axis =19.8X2.922= 168.82 



1074.22 



For 24X4 in. plate, / = 



Moment of Inertia about Axis cd 

bh^ 0.5X24^ 



12 



576.00 
16.46 



12 
For two 1 5-in. channels (from Carnegie), 7=8.23X2 - 

Area of channels into sq. of dist. of their e.g. 

from axis =19.8X9.292=1708.82 



2301.28 



1 * ■ 
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Fig. 32. 

of the areas are taken about the 



Example 5. Fig. 32 repre- 
sents a chord section composed 
of 

> I cover-plate 24 Xi in. = 12.00 
2 web-plates 16 Xi in. = 16.00 
4 angles 6X3iXi in. = 18.00 

Sq.ins. 46.00 

To find the position of the 
axis ab through the centre of 
gravity of the section, moments 
e.g. of the web-plates, thus: 



Areas. levers. Moments. 

Web-plates and angles 34.0 sq.ins. X 0.0 ins. = o 
Cover plate 12.0 sq.ins. X 8.25 ins. =99 



46.0 sq.ins. 



99 



Then 99-^-46 = 2.15 ins., which is the distance from the centre of 
gravity of the web-plates to the axis ah. The axis cd corresponds with 
the centre line of the section. 
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Motnent of Inertia about Axis ab 

17 v,i • 1 . r ^^'^ 24X0.53 

For 24 Xi in. cover-plate, / = — =— - -^ = 0.25 

Area of cover-])late into sq. of dist. of its eg, 

from axis =12.0X6.12 = 446.52 

bli^ o.sXi6'^ 
For two 16 Xi in. web-plates, / = — X2 =-^-=^ X2 = 341.33 

Area of web-plates into sq. of dist. of their e.g. 

from a.xis =16.0X2.152 = 73.96 

For four 6X3jXi in. angles, / (Ex. i) =16.59X4 = 66.36 

Area of up[)er angles into sq. of dist. of their 

e.g. from axis =90X3.772 = 127.92 

Area of lower angles into sq. of dist. of their 

e.g. from axis =9.0X8.072 = 586.12 



1642.46 



Moment 0/ Inertia about Axis cd 

T? v.i • 1 . r ^^'^ 0.5X243 

For 24 Xi-m. cover-plate, / = — = - = 576.00 

T^ , , . , , ^ /)//3 16.0 Xo.N^ 

For two 16 Xi m. web-plates, / = — X2 = — --' X2= 0.33 

12 12 

Area of web-plates into sq. of dist. of their e.g. 

from axis =16.0X8.25- =1089.00 

For four 6 X3iXi in. angles, / (Kx. i) =4.24X4 = 16.96 

Area of angles into sq. of dist. of their e.g. 

from a.xis =18.0X9.332 =1566.88 

324917 
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Art. 10. Radius of Gyration 

The radius of gyration of a section, which is usually represented by 
r, is the distance from the neutral axis through the centre of gravity 
to a point where, if the total area of the section could be concentrated 
and multiphed by the square of this distance, the result would be the 
moment of inertia of the actual cross-section; thus, representing the 
area by A, 

I—Ar^, and therefore ^=\-: (i) 

A 

The radius of gjration is a quantity used principally in connection 
with formulae for the strength of columns and struts, and will be referred 
to frequently in subsequent chapters. 

For a 6X3iXi in. angle, Fig. 28, Art. 9, -4 =4.5 sq.ins., /(axis ab) = 

16.59, /(a.xis c(/) = 4.24; then r(tf/>)= V—^-- = 1.92 ins., r(r(/) = \/-— 

4-5 4-5 

=0,97 in. 

For a 24-in. I-beam at 80 lbs.. Fig. 29, yl = 23.33 sq.ins.. 



^ J2087.05 



/(fl6) = 2087.05, /(rc/)=42.87; thenr(<z6) = \ ^-^-^ = 9. 46 ins. r{cd) = 

^Z'Z^ 

\- ^ = 1.36 ins. 

For the compound .section, Fig. 30, A = 24.0 sq.ins., 7(a&) = 570.08, 

/M) = 164.20; then r((26) = V^° — = 4.88 ins., r(cd) = \i'^^^ 

= 2.62 ins. 

For the compound section. Fig. 31, .4=^31.8 sq.ins., /(a&) = 1074.22, 

I (cd) = 2301.28; then r(a6) = \i^-- = 5.8i ins., r{cd) = \^^^^- 

=8.51 ins. 

For the compound section. Fig. 32, A =46.0 sq.ins., / (a6) = 1642.46, 

/(^^) =3249.17; then r(a6) = V^^- = 5-98 ins., ricd) = yfi^l 

40.0 '^ 40.0 

=8.40 ins. 
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Art. 11. FoRMUL.-E Relating to Beams 

The following notation and relations between bending moments and 
the various properties of beams, which have already been referred to 
in Arts. 7, 8, 9 and 10, are here set forth more concisely. The student 
should familiarize himself with the formulae, as they will be referred 
to frequently in the following pages. 

A/ = bending moment in inch-pounds; 

/= moment of inertia of section about axis through centre of gravity; 
/i= stress in lbs. per sq.in. on outer fibres; 

;yi= distance in inches from centre of gravity of section to outer 
fibres, where unit-stress =/i; 

/= stress in lbs. per sq.in. on any fibres; 

3^= distance in inches from centre of gravity of section to fibres 
where unit stress =/; 

5= section modulus; 

A =area of section, in sq.ins.; 

r=radius of gyration, in inches. 



Then 



M = lf,=SA; (I) 

yi 

•^="7=-; (2) 

yi yi 

/i=;^=-/-; • (3) 

/=-/; (4) 

I^Ari; (5) 

»*=j; m 



''€ 



(7> 
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Art. 12. Distribution of Shearing Stresses in Beams 



It has been shown in Art. 7. that, when a beam is loaded trans- 
versely, the fibres on one side of the neutral axis are compressed, while 
those on the other side are extended; and that the intensity of the fibre- 
stress at any point is equal to the bending moment (in inch-pounds), 
multiplied by the distance in inches of the point from the neutral axis, 
and divided by the moment of inertia of the section; or 



/= 



My 



(I) 



Now, considering a simple beam, supported at both ends and sub- 
jected to the action of a vertical load, the bending moment M increases 
from the ends towards the centre of the span, and with it the intensity 
/ of the horizontal stresses. Thus / varies both vertically and hori- 
zontally, as illustrated in Fig. ^^y where the two sections o and x are 
supposed to be very close together. 

The fibre-stresses at section o are represented by /<?, and those at 
section x are rejiresneted by fx, while the longitudinal variations of 

the fibre-stresses between 
these two sections are indi- 
cated, at section .%*, by the 
cross-shaded ' areas. This 
increase of horizontal stress 
from one section to another 
induces a force at everv 
longitudinal layer tending 
to slide it past the next 
section above it; and this sliding or shearing force, which increases at 
every layer, is transmitted towards the neutral axis, where it attains its 
maximum intensity. This stress is called the longitudinal shear and 
may be deduced as follows: 

At the longitudinal layer distant 3*2 from the neutral axis, the total 
horizontal stresses at sections and x between this layer and the ex- 
treme fibres are equal respectively to 




Cro^s Section 



2l/oa and i^.M, 
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in which a equals an infinitely small area of cross-section, distant y 
from the neutral axis. Thus the longitudinal shear between sections 
and X at the layer y2 is equal to 

Substituting in this expression the values oifo and/jc, as given by equa- 
tion (i), the following is obtained: 



L/tH - \fo'i = ( — -J 1 2- ay, 

yt yz \ ^ / yt 



Mo and 3/^ being the moments at o and x respectively. This longi- 
tudinal shear is acting on an area equal to the breadth b of the cross- 
section at the layer y2, multiplied by the distance x between the sections 
and Xy = bx. Therefore, if the intensity of the shear be represented by /, 

In addition to the longitudinal shear, as above, there co-exists a 
vertical shear which is equal to the algebraic sum of all the external 
vertical forces acting on either side of the vertical plane considered, 
as demonstrated in Art. 6; and, in order that any particle of the beam 
be in equilibrium, the intensities of the vertical and horizontal shears 
acting on it must be equal. This may be proven as follows: 

Fig. 34 represents an infinitely small portion of the side of the beam, 
at a point distant ¥> from the neutral axis. The sides of the element 
are both represented by </, and the breadth of the 
beam at this point by b. Now there are two shear- a. ^xt><^ j/^ 
ing stresses acting upon it, one vertical and the other ^ \ 
horizontal; and these two shears form two pairs of "% 



<-d--T» 



T3 



couples, acting as indicated by the four vertical and y *"\ 

horizontal arrows. If the intensity of the hori- ^ 

zonlal shear at this point be represented by /^, 
and that of the vertical shear by /^, then the total horizontal and vertical 
shears acting on the element are equal respectively to 

txbd and tybd; 
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and, in order that the body be in equilibrium, the moments of these 
two shears must be equal, thus: 

{tj)d)d={tybd)dy 

•'• tx ^ iy» 

Since the intensities of the horizontal and vertical shears are equal, 
they will both be represented by the common symbol /. 

As stated in Art. 6, the bending moment at any point of a loaded 
beam is equal to the algebraic sum of the moments, about this point, 
of the external forces on either side of it. Then, since sections o and 
X (Fig. 33) are assumed to be very close together, the direct load be- 
tween them may be neglected; and the moment at section x will be 
equal to that at section 0, plus the shear at section multiplied by the 
distance between the two sections, thus: 

Mx=Mo^-Qx\ 
in which Q=the vertical shear at o, 

A;=the distance between sections and x. 

Q=^'-\ : (3) 

If If 

The substitution of this value of '^ / — in equation (2) gives 

.A' 

o >» 

'nh^y ^^) 

Therefore, the intensity of the shearing stress at any point of a 
solid beam of any section is equal to the total vertical shear at the jx)int, 
multiplied by the moment, about the neutral axis, of that portion of 
the cross-section which lies outside of the longitudinal plane considered, 
and divided by the product of the moment of inertia of the entire cross- 
section into the breadth of the section at this point. 

For a beam of rectangular cross-section, the intensity of the shear 
at the top and bottom is zero, and maximum at the neutral axis, where 
it is equal to one and one-half times that of the mean intensity for the 
whole section; the intensities of shear at intermediate points being 
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represented by the ordinates to a parabola, having its vertex in the 
neutral axis, as shown in Fig. 35. 

Taking as an example a rectangular beam 12 inches deep and 2 
inches wide, the moment of inertia of which is 288, and assuming that 
the total vertical shear on the sec- 
tion is 12,000 lbs., the intensities of ^2*1 
shear at various ix)ints will be com- 
puted from equation (4), as follows: 

The area of that portion of the 
section outside of a horizontal plane 
taken 4 inches from the neutral axis 

=2X2=4 sq.ins., and the distance ^y 

of its e.g. from the axis = 5 ins.; Fig. 35. 

thus the moment of this area about 

the neutral axis =4X5 = 20. Then, at a distance of 4 inches from the 

neutral axis. 







'50fbs.per°* 
Tibs.per"" 



4l7lbs.per 



a» 



1 2 000 

/= Q X20=4i7 lbs. per sq.in. 

2oo X 2 



The area outside of a horizontal plane 2 Inches from the neutral 
axis = 4X2=8 sq.ins., the distance of its e.g. from axis=4 ins., and its 
moment about the neutral axis =8X4 =32. Then, at a distance of 
2 inches from the neutral axis. 



12,000 ,,11 

^= -g8->^X32=667 lbs. per sq.m. 



The area outside of the neutral axis=6X2 = i2 sq.ins., the distance 
of its e.g. from axis =3 ins., and its moment about the neutral axis = 12 
X3=36. Then, at the neutral axis. 



12,000 , ,, 

^=^33^X36 = 750 lt)s. per sq.m. 



The average shear on the whole section = — '- = 500 lbs. per sq.in.; 

and thus the intensity of the shear at the neutral axis = 5ooX 1^=750 
lbs. per sq.in. ; or one and one-half times the average intensity, as before 
stated. 
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As a further illustration of the distribution of shear in beams, the , 
intensities of shear will now be computed for a 24-inch I-beam at 80 lbs. 
■per fool, as shown in Fig. 36, 

The assumed vertical shear on the section = 72, 000 lbs.; the moment 

of inertia of the section (Art. 

'*"^"*' 9, Example a) = 2,o87; the area 

of that portion of the section 

1 outside of a horizontal plane 

K/bspvr" distant 11.40 ins. from the 

neutral axis— 4.20 sq.ins., and 

its moment about the neutral 

'bsftr" axis=49.i4; the area outside of 

"^ a horizontal plane 10.86 ins. 

Fig. 36. from the neutral 3x15=6.25 

sq.ins., and its moment about the 

neutral axis = 7i.73; the area outside of the neutral axis=ii.66 

sq.ins.; and its moment about the neutral axis'^ioi.31. Then, 

At a dLsiance of 11.4 ins. from neutral a\i^, 

i= — -^— h X4g-i4 = 242 I'w- per sq.in. 

At a distance of 10.86 ins. fnim neulral axis, 

72,000 
'= -^8^^^5X7173=4,945 ll'«- persq.in. 

At Ihe neutral axis, 

— 6,980 His. jjcr^q.in. 



2,087X0.5 

Now the area of Ihe web (which is 21.72 ins. deep and 0.50 in. 
thick) = ro.86 sq.ins.; and, assuming that it takes all the shear, the 
average intensity of this stress = 72,ooo-i- 10.86 = 6,630 lbs. per sq.in., 
which is only 5 per cent less than the maximum. In the case of a 
plate-girder having a comparatively thin web, it will be found that the 
difference between the maximum and the average shears is still less. 
It is therefore customary to assume that the shear is distributed evenly 
over the web. 

As demonstrated above, in connection with Fig. 34, there exist at 
every point of the web two shearing stresses of equal intensity, the one 
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vertical and the other horizontal. Now the effect of these shearing 
stresses is to produce two direct stresses, of the same intensity as the 
shearing stresses, and at angles of 45° with the neutral axis, as indicated 
by the diagonal arrows. One of these direct stresses is tension and 
the other compression. 



Art. 13. Sizes of Beams Required for Various Cases 

In the following examples the maximum permissible fibre-stress 
will be taken at 16,000 lbs. per sq.in., which is about one-half the elastic 
limit (in tension) for mild steel; and the average permissible shear on 
the web, at 10,000 lbs. per sq.in. The section moduli S will be taken 
from Carnegie's handbook. Unless supported laterally, no beam 
should be used when the span exceeds twenty times the width of the 
flange; as the compression flange of a beam is liable to fail by crippling 
sidewise. Floorbeams and stringers in buildings, however, are usually 
supported at much closer intervals, either by other beams framed 
thereto, or by the floor resting directly on them. Since the section 
modulus of a beam is computed in inches, the bending moment must 
always be reduced to inch-pounds. 

Example i. A beam of 20 ft. span is required to support a uniform 

load of 1,600 lbs. per lin.ft, which is supposed to include the weight 

of the beam. This case is similar to that illustrated in Fig. 18, Art. 6. 

T-u • J u ^^ 1,600X20 ^,11 16,000 

The maximum end shear = — = = 16,000 lbs., and 

2 2 10,000 

= 1.6 sq.ins. required in the web. 

The maximum moment at the centre = -r- = - — = 80,000 

o o 

, ,, . .11 J O ^^^ / A V 060,000 

ft.-lbs. =060,000 m.-lbs., and o=-t- (Art. 11) = ^— = 60. 

/i 16,000 

Turning to Carnegie's table of " Properties of Standard I-Beams," 
it will be found that a 15-in. beam weighing 45 lbs. per ft. conforms 
most closely with these requirements. Its section modulus = 60.8; and 
the area of its web = 13X0.46 = 5.98 sq.ins. The area of the web 
greatly exceeds that required for the maximum shear; and this will 
usually be the case, except for short spans carrying very heavy 
loads. 

Example 2. A beam of 16 ft. span is required to support, in 
addition to its own weight, a concentrated load at the centre of 40,000 
lbs. 
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Since the size of the beam is unknown, its weight can only be 
assumed. It will be taken at 70 lbs. per lin.ft. 

The moment at the centre = -t-H — =—— 1 — ' = 

04^ 4 

2,240+ 160,000= 162,240 ft.-lbs. = 1,946,880 in. -lbs. Then 5= , 

10,000 

= 121.7. A 20-inch I-beam weighing 70 lbs. per foot is the proper 

one to use. Its section modulus =122.0. 

Example 3. A cantilever beam projecting 10 ft. from a wall is 
required to carry, in addition to its own weight, a uniform load of 
800 lbs. per lin.ft. 

Assuming the beam to weigh 50 lbs. per lin.ft., the maximum 

^^^ 850X102 ^ .^ 

moment at the pomt of support = — = -^ =42,500 ft.-lbs. = 

c 10,000 in. -lbs.; and -~- =31.8, which is the section modulus 

•^ ' 16,000 ^ 

required. A 12-inch I-beam weighing 31.5 lbs. per foot, and with 

5=36, will suit this case. 

Example 4. A 15-in. I-beam at 42 lbs. per foot projects 8 ft. from 

a wall. It is required to know what load can safely be i)laced at its 

outer end. Now 5=58.9, and the maximum moment = 58.9X1 6,000 

=942,400 in.-lbs. = 78,533 ft.-lbs. The moment due to the weight of 

wl^ 42X8- 

thebeam = — = = 1344 ft.-lbs. ThenP/ = 78,533 — 1,344 = 77,189 

2 2 

ft.-lbs. Whence P=^?^^= 9,648 lbs. 

o 



CHAPTER III 



Art. 14. Deflection of Beams 

It has already l)een demonstrated in Art. 7 that, when a beam 
is loaded transversely, it bends about the neutral axis which lies in 
the centre of gravity of its section; and that the fibres on one side 
of this neutral axis are compressed, while those on the other side are 
extended; the fibres furthest from the neutral axis being distorted 
most, and the intermediate fibres in direct 
proportion to their distance from the axis. 

Fig. 37 represents a portion of a bent 
beam, the curve being greatly exaggerated. 
The two planes cutting the neutral axis 
at A and By which are assumed to be 
very close together, were parallel before 
bending occurred, but will now meet in the 
point C. 

Then CA or Cj5 = 7? = radius of curvature of the arc AB\ 

y4 5= original length of beam between the two 
planes considered; 

Z?£ = strained length at the outer fibres; 

DE-AB .... 
— — T-- — =unit-stram at the outer fibres. 
AB 

Isow, from similar tnangles, -77.= ,T7T = -rD= — d J ^^om which 

is obtained '-^ = 7-^ — = unit-strain at outer fibres, as before. 

K A3 

But, as explained in Art. 1, the modulus of elasticity £= — ; r-; 

' unit-slrain 

therefore, since the unit-stress at the outer fibres =/i, the unit-strain 

43 
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at the outer fibers =4r; and, as has been shown in Art. 7, j\— — — ; 

y\ f\ My\ 
consequently, ^ = tt = "ft" 5 ^^^^ which 



M 



R El 



(1) 



In Fig. 38 AB represents a deflected beam, built firmly into the 
wall at B, The shaded area above the beam is the moment diagram; 

and dx is an element thereof, distant x 
from A. From the ends of this ele- 
ment, normals are drawn to the beam, 
intersecting in the point C, which is 
the centre of curvature for the element; 
and the radius of curvature =/?. Also, 
from the ends of the element, tangents 
are drawn to the beam, intersecting the 
vertical line through A, the intercept 
being represented by J. Then, if 0^ be 
the angle at C, it is also the angle be- 
tween the two tangents; and 




Fig. 38. 



A=-X'd<f>. 



dx 



Now dx=R'8<^y from which d<j>=—; and, by equation (i), 

I M 

--=^y (in which A/ == moment at x); therefore. 



J= 



X'dx 



R 



—x-ox 



El' 



But M.5:x:=area of element of moment diagram; consequently, the 
total deflection 



D-^I^X'dx- 



M_^AX 
El~ El' 



(2) 



in which X= total area of moment diagram, 

* AT = distance of its centre of gravity from free end of beam. 
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The above theory will now be applied in determining deflection 
fonnulae for various cases, in all of which 

/ = length of beam in inches; 
P=a concentrated load, in lbs.; 
z«/= intensity of load in lbs. per lineal inch. 

It should be noted that, since the moment of inertia is computed in 
inches, all other linear dimensions must also be in inches. 

Case I. Beam fixed at one end and loaded at the other end. Fig. 

39- 

As demonstrated in Art. 6, the curve of the moment diagram is 

a straight line with maximum ordinate at the fixed end of beam equal 

to PL The form of the moment area being a triangle, its area is equal 

to — , and the distance of its centre of gravity from the free end of 
2 - - 

beam is equal to |/. Then 






(3) 





Fig. 39. 



Fig. 40. 



Case II. Beam fixed at one end and uniformly loaded. Fig. 40. 

Here the curve of the moment diagram is a parabola with vertex 

at the free end of beam, and maximum ordinate at the fixed end equal 

to — . Since the area of a parabolic segment is equal to two-thirds 

that of the enclosing rectangle, the moment area is equal to — X — 

2 3 

= — . The distance of its centre of gravity from the free end of 



beam is equal to J/. Then 



wl"^ 



_>lA''_7£r/3 3 I 



(4) 
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Case III. Beam supported at both ends, with a single load at 
the middle point. Fig. 41. 

On account of symmetry of loading, the beam will be horizontal 
at the middle, and the deflection at this point will be equal to the 
elevation of either support above the horizontal tangent, and the 
curve of the beam at either side of the middle point will be similar, 
but in opposite direction, to that of Case I. Now the maximum 

PI 
ordinate of the moment - diagram equals — . The form of the 

4 
moment area for one-half of the span is a triangle, its base being 

/ PI PI I Pl^ 

equal to — , and its altitude to — . Then A== — x — = — ^ ; A''= i X §/= i^ ; 
2 4 4 4 16 

and 



^~ EI ~ib3^EI~^Er 



(S) 




Fig. 41, 







Fig. 42. 



Case IV. Beam supported at both ends and uniformly loaded. 
Fig. 42. 

As in Case III, the deflection at the middle of the beam will be 
equal to the elevation of either support above the horizontal tangent 
to the curve at this point. The form of the moment-diagram is a parab- 
ola, the maximum ordinate between it and the closing line being 

ivl 
equal to -r-. The moment area A at either side of the centre line is 

o 

equal to two-thirds of the enclosing rectangle for the semi-segment 

7t'/~ I 2 wi^ 

of the parabola, =-— X -/X— = — ; and the distance A" of its centre 

8 2 3 24 

of gravity from the end of beam = f X i/ = ^l. Then 



EI 



wl^ C , I Kwl* 
V .2^1 V = ^ - 

24 16 EI 384/'/' 



(6) 
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Case V. Beam supported at both ends, carrying a single load at 
any point. Fig. 43. 

For this case it will be more satisfactory to consider a numerical 

example, taking the length, centre to centre of bearings, equal to 240 

ins., and a load of 16,006 lbs., placed 60 ins. from the left-hand end. 

The maximum moment which is at the point of loading = 

16,000X180X60 . ,, , 720,000 1 . , . .. 

=720,000 m.-lbs.; and ^ =4';-o, which is the 

240 ' 16,000 -^ 

section modulus required. A 12-inch at 40 lbs. I-beam will be used, 

for which 5=44.8 and 7 = 269. 

Before computing the deflection, it is necessary to determine the 

point where a horizontal line is tangent to the curve of the beam. 

<] Since the curvature of a beam at any point 



is proportional to the bending moment 1*""^^" ^^ '". ^ 

t*"60*p f80 ^ 

4 



thereat, and since the total curvature on ^ jn. ^^^ , , _^ ^^^ ^ 
one side of the point of tangent must y || j ~[ 



T — gl — I r-«- 

I if I I 

be equal to that on the other, therefore, [* WO-x->J<— --x — >j 

the moment area on one side of this 
point of tangent, multiplied by the dis- 
tance of its centre of gravity from the pj^ 4, 
adjacent support, must be equal to the 

moment area on the other side, into the distance of its centre of gravity 
from the other support. Now the area of the whole moment-diagram 




720,000X240 



86,400,000, and the distance of its centre of gravity 



f 1 1 r I 1 60 -h 240 

from the left-hand support = = 100 ins.; the area on the 

720 OOOJC 

length x= -~'~- — = 2,ooax;2 ^vhich will be denoted by A. and the 
180X2 ^ 

distance of its centre of gravity from the right-hand support =§jc, 

while that from the left-hand support = 240 — §.r. Then 

2ooar2 . J.v = (86,400,000 X 100) — 20oa\;2( 240 — §:v) . 
From which a:2 = 18,000 and ^=134.17 ins. 

The area ^4 =2000x2 = 2000X13417^ = 36,003,178; and the distance 
X of its centre of gravity from the right-hand support = §.r= 89.45 ins. 
Finally, 

^.Y 36,003,178 X89.45 . yy 

D=-j7T- = =0.412 in. 

hi 29,000,000X269 
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Case VI. Beam fixed at both ends, supporting a single load at 

the middle point. Fig. 44. 

Since the beam is fixed at the ends, the tangent to the curve at 

these points will be horizontal; and, from symmetry of loading, the 

tangent to the curve at the middle point 
will also be horizontal. Therefore, be- 
tween the middle point of the beam and 
either end, the total curvature in one di- 
rection will be equal to that in the other; 
and, since the angular deflection of a beam 
is proportional to its moment area, the area 
between the middle and either point of con- 
traflexure must be equal to the area be- 
tween one of these points of contraflexure 

and the near end. Now, for a beam simply supported at the ends and 

loaded in the middle, the moment-diagram would be a triangle with 

PI 
its base equal to / and its altitude equal to — , the centre moment. In 

4 
the present case, the positive moment at the centre is reduced by the 
amount of the negative moment at either end; and, since the positive 
and negative moment areas must be equal, the moment at the centre 

PI 
and the moment at the ends are each equal to —; thus the points of 

o 

contraflexure, where the moment is zero, are half-way between the 
middle point of the beam and either end. Now the positive and 
negative moment areas Aj between the middle point of the beam and 



Fig. 44. 



PI I I PP 
either end, are each equal to ~X-/X — =t— ■ 

8 4 2 64 



The distance A' of 



the centre of gravity of the former fj-om the end support = J/ -h (§ X iO 
~iVj while that of the latter, which will be designated by A'l, 
= JXj/ = iV- Then the deflection at the middle point below either 
end will be obtained by taking moments of these areas about one 
end, and dividing by EI, thus: 



-^-^•^ = [(f-A')-(^'-^')]i7=7 



p/3 



g2 EI 



(7) 



Case VII. Beam fixed at both ends, supporting a uniform load. 

Fig. 45- 

For a beam simply supported at the ends and uniformly loaded, 
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the moment diagram would be a parabola with vertex at the centre 

of span and depth equal to — . Now, since the area of the parabolic 

segment is equal to two-thirds of the enclosing rectangle, it is also 

equal to a rectangle of length equal to / and depth equal to — X -5- = — ; 

3 8 12 

and, if this rectangle be superimposed on the parabolic segment as 
shown, the shaded areas at the ends, which represent the negative 
moments, will be equal to the remaining portion of the parabolic 

segment below the rectangle! of depth equal to -r = — ), 

\ o 1 2 24 / 

represents the positive moments. Thus the moment at the ends= 



which 



12 



and that at the centre of the span = -f 



wl^ 



24 



flexure, then 



If re = the distance from the centre of the span to the point of contra- 

wP //\2 wP P I 

-77-:(— I :: — :o(^. From which x^= — and^=-,^- 
8 \2/ 24 12 \/i2 

=0.289/. 

The deflection at the centre may be obtained by taking moments 
(about either end) of the positive and 
negative moment areas between that 
end and the centre of the span, and di- 
viding by EI, as in Case VI. But, since 
the original parabolic segment and the 
superimposed rectangle overlap, the 
covered area (not shaded) is common 
to both; and the resultant moment of 
these areas will be the sanie as for the 
shaded areas alone. The area of the 
semi-parabolic segment, as well as of 

wP I 




Fig. 45- 



the distance from 



^, ^ 2 wP 
the superimposed rectangle, =-^X—lX—= — ; 

023 24 

end of span to the centre of gravity of the former=|Xj/=-A/; and 

to the centre of gravity of the latter J/. Then 

wP/ < , I A I wl^ 



D = 



24 



ii'-'Mr 



384£/' 



(8) 



Case VIII. Beam fixed at one end and supported at the other, 
carrying a single load at any point. Fig. 46. 
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If the beam were simply supported at both ends, the moment- 
diagram would be a triangle of base equal to /, and altitude equal to 

/ Or 

the bending moment at point of loading =P——a = Af. But, since 

the beam is fixed at the right-hand end, there will be a negative bend- 
ing moment at this point, represented by the ordinate Mo; and, if a 
closing line be drawn from the lower extremity of Mq to the left-hand 
end of the moment-diagram, the moment at any point will be equal 

to the ordinate between the closing line and 
the moment-diagram at that point. The 
shaded area below this line represents 
the positive moments, and that above it 
the negative moments. Now, since the 
tangent to the curve of the beam at the 
fixed end is horizontal, it must pass through 
the supported end; therefore, the summa- 
tion of the several deflections from the 
fixed to the supported end must be zero; 
or the positive moment area, multiplied by the distance of its centre 
of gravity from the supported end, must be equal to the negative 
moment area multiplied by the distance of its centre of gravity from 
the same point. But the two triangles, having the same base / and 

l-a 
altitudes of M=P—j—a and iV/o, overlap one another, and the covered 

area (not shaded) is common to both; hence the moments of • these 
triangles about the supported end of the beam will also be equal to 

one another. Now the area of the first triangle = ( P—j—a ) — = , 




Fig. 46. 



and the distance of its centre of gravity from the supported end 

< 

the area of the second triangle =Mo—, and the distance of its centre 

2 

of gravity from the supported end~§/. Then, 



2 3 23 



from which 



3/0=- 



Pa(P-a2) 
2/2 



(9) 
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(X 

The moment at the point of loading, Afi=M— A/oy, 






The point of contraflexure is at the intersection of the closing line 
with the moment-diagram; and the distance x of this point from the 
fixed end may be determined by the equation 

from which 

^ Mo/(/-a) 
*^ i//+Afo(/-a) ^ ^ 

Calling the reaction at the supported end /?i, and that at the fixed 

\f 
end /?2; then R\=P — R>i. and /?2 = - — • 

X 

The location of the point of maximum deflection may be deter- 
mined by the condition that the moment area on one side of this pointy 
multiplied by the distance of its centre of gravity from the adjacent 
support, must be equal to the moment area on the other side into the 
distance of its centre of gravity from the other support. When the 
distance from the fixed end of the beam to the load P is equal to or 
greater than twice the distance to the point of contraflexure, as in 
Fig. 46, the positive and negative moment areas on this side of the 
point of maximum deflection are equal triangles, and the distance 
to the point required = 2^;. On the other hand, when the load P is 
less than 2X from the fixed end, as in Fig. 47, the distance X\ to the 
point of maximum deflection will be computed by the above rule. 

For the condition illustrated in Fig. 46 the maximum deflection 
will be determined by taking moments, about the fixed end of the beam, 
of the positive and negative moment areas between the point of maxi- 
mum deflection and this end, and dividing by El, Each area is equal 

X 

to A/q— , while the distances to the centres of gravity of the positive 
2 

and negative areas are respectively \x and \x. Then, 

Z?=A/o-X -JC ^^)X7T7= - '7-. . . . (11) 
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The following is a numerical example in accordance with the con- 
dition illustrated in Fig. 46; and in which 1 = 240 ins., a =60 ins., 
(/—a) = 180 ins., P = 16,000 lbs. 



,^ J— a 16,000X180X60 . ,, 

M=P—7-a = =720,000 m.-lbs. : 

/ 240 



PaiP-a^) 1 6,000 X 60(2402 -6o2) . ,^ 

^^0= ^j2— = ^,-^ = -450,000 m.-lbs.; 

A/i=A/— Mot = 7 20,000— (450,000 X ) =607,500 in. -lbs.; 

/ \ 240/ 

M(J{l—a) 450,000X240X180 

jp ^— sr= ' ^= *7o o ins * 

Ml-\-Mo{l—a) (720,000X240) + (450,000X180) ' ' '* 

Mo 450,000 ^r.^.. 

^^=T = "^6:6- =5,874 lbs. 

Ri =P — i? = 16,000 — 5,874 = 10,126 lbs. 

Since the maximum moment, which is at the point of loading, 
=607,500 in. -lbs., then, for a permissible stress on the outer fibres 

of 16,000 lbs. per sq.in., the section modulus required = —~^ - =37-97- 

16,000 

Thus a 12-inch I-beam at 35 lbs. per foot, for which 5=38.0 and 

7 = 228.3, is the most economical section to employ. Then 

y_ 2M()X^ 2X450,000X76.62 

D= — f^ = ^^-^ — -— =0.266 m. 

3A/ 3X29,000,000X228.3 

A numerical example will now be considered in which the load is 
less than 2x from the fixed end, as illustrated in Fig. 47. 

Here / = 240 ins., a = 180 ins., (/—a) =60 ins., P = 16,000 lbs. Now 

,, J — a 16,000X60X180 . ,, 

M=P—.—a = = 720,000 m.-lbs. ; 

/ 240 

Pa{P-a^) 16,000(2402- 1 8o2) ^ . ,^ 

.Uo= ^^^— = 2^24^- = -630,000 m.-lbs.; 

J/i = A/— 3/0-7 = 720,000— (630,000 X I =247,500 in.-lbs.; 

/ \ 240/ 

_ Mol(l—a) 630,000X240X60 

~ A// -h 3/0 (/ — a) ~ (7 20,000 X 240) -i- (630,000 X 60) ~ ^^ ' 
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m 



^u^ h-..^:!.^ 



The maximum moment, which occurs at the fixed end, =630,000 

in. -lbs.; and - -^ = 39-37> which is the section modulus required; 

thus a 12-inch I-beam at 40 lbs. per 
foot, for which 5 = 44.8 and 7 = 268.9, 
is the most economical section to use. 

The distance Xi of the point of 
maximum deflection from the supported 
end of the beam will now be determined 
bv the condition that the moment of 
the moment area on one side of this 
jwint, about the adjacent end of the 
beam, shall be equal to the moment of 
the moment area on the other side of the point, about the other 

end of the beam. 

_, . . 106.02 

The positive moment area = 247,5ooX =24,368,850; and 

the distance of its centre of gravity from the supported end of the 

beam = — --— = i2S.64 ins.; while the distance of its centre of 

3 
gravity from the fixed end of the beam = 240— 125.64 = 114.36 ins. 




The negative moment area = 



630,000X43.08 



= 13,570,200; and 



the distance of its centre of gravity from the fixed end of the 
beam =-^^ = 14.36 ins. 



The moment area on the length Xi = 



247,5oari2 i,375:x:,2 



; and 



180X2 2 

the distance of its centre of gravity from the supported end = §JCi, 
while that from the fixed end = 240 — §jci. Then 



1.375^1 



i,375^r 



X-Xi = (24,368,85oX 1 14.36) - 
23 2 



from which 



ATI = 125.33 ins. 



Now the moment area A on the length xi = 



(240-J:)Ci) 
-(13,570,200X14-36), 

1,375^1^ 1,375X125.332 



2 2 

= 10,799,800; and the distance X of its centre of gravity from the 

supported end =§:)if 1=83.55 ins.; then 



^_AX 10,799,800X83.55 ^^^^^. 

jL/=-=ri^ = — =o.iiC7 m. 

EI 29,000,000X268.9 ^ 
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• wl 



Area A i Area B AreaC 



Case IX. Beam fixed at one end and supported at the other, 

carrying a uniform load. Fig. 48. 

The moment-diagram is a parabola of depth at the centre of span 

wJr 
equal to —^=M. The negative bending moment Mq is determined 

o 

as in Case VIII, viz., the negative moment area (above the closing 

line), multiplied by the distance of its 
centre of gravity from the supported end of 
beam, must be equal to the positive mo- 
ment area (below the closing line), multi- 
plied by the distance of its centre of gravity 
from the same point ; or, since the triangle 
of base / and altitude Mq overlaps the 
parabolic segment, the area not shaded is 
common to both, and the moments of 
these two figures about the supported end 

of the beam must be equal to one another. The area of the triangle 

\frd 

= - — , and the distance of its centre of gravity from the supported 
2 

8 3 



I 



M, 



k-fl-H 



M 



Fig. 48. 



end of the beam=§/. The area of the parabolic segment = 



w 



12 



, and the distance of its centre of gravity from the supported 



end of the beam = J/. Then 



from which 



3/0/ 2 wl^ I , 
23 12 2 






(12) 



The point of contraflexure is at the intersection of the closing line 
with the parabola, and the distance x of this point from the fixed end 
of the beam may be determined by equating the closing line with the 
parabola, thus: 



wl^ l—x_wP w / 1 



from which 



x = ll. 



(13) 
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The maximum positive moment will be found at the middle point 
of the positive moment area, or §/ from the supported end of the 
beam. Then 

The reactions may be determined by taking moments of the vertical 
forces about the fixed end of the beam, thus: 

R\l— — = M{)= — g-, 



i'rom which 



and therefore 



^i = i^'/, . . .' (15) 



R2 = iwl (16) 



The distance Xi of the point of maximum deflection from the 
supported end of the beam may be determined by the condition that 
the moment (about this end) of the area between it and the point of 
maximum deflection shall be equal to the algebraic sum of the moments 
(about the fixed end) of the areas between the point of maximum 
deflection and the fixed end. This condition may be realized from 
trial and error, first assuming a point of maximum deflection arid com- 
puting the various moment areas and their centres of gravity by 
dividing the areas into elementary triangles and rectangles. Although 
this operation is quite feasible, it will be found very tedious; and it 
may be as well to accept the result obtained by the calculus, viz.: 

I -|- \ ' '1 7. 
Xi = —^^/ =0.421 5/ (17) 

The moment area A on the length xi may now be calculated. It 
will be found to be equal to one-sixth of the rectangle which circum- 

I w!^ I 
scribes the whole parabolic segment, =T'~E~=~B'^^^'y ^^^ ^^^ distance 

O o 4^ 

A" of its centre of gravity from the supported end of the beam will 
be found equal to 0.26/. Then 

— AX I „ ^, I o.O!;4i67^/"* , ^^ 
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The same result may be obtained by taking moments about the 
fixed end of the beam, of thejireas B and C. It will be found that 

these areas are exactly equal to one another, and are equal to — of 

the rectangle circumscribing the parabolic segment, only one is positive 

and the other negative ; thus J5 = -- X -rr- = H — ;7r^^^ and C= tt^wI^. 

96 8 768 768 

The distance X\ of the centre of gravity of the area B from the fixed 
end of the beam =0.4578/, and the distance X2 of the centre of gravity 
of the area C from the same point =0.0795/. Then 

-. BX1—CX2 II -J. o, ,. I 0.054162^/* 

as before. 

It should be noted that the positive moment area between the point 
of maximum deflection and the point of contraflexure is, in all cases, 
exactly equal to the negative moment area between the point of contra- 
flexure and the fixed end of the beam. 



CR\PTER IV 



Art. 15. Columns and Struts 



M 



All columns, except those in which the length does not exceed 
about three times the least diameter, are subject to a bending stress 
in addition to a uniform compressive stress. The bend- 
ing stress is due to the eccentricity of the load, and to the 
deflection caused thereby; for the load can never be 
applied at the exact centre of the column; the axis of 
the column will not be absolutely straight; nor will the 
material of the column be perfectly uniform through- 
out, owing to irregularities in rolling, or to initial stresses 
caused by straightening and rivetting. 

Fig. 49 represents a colimin free to tiun at both ends. 
The load and its reaction, which are both represented by 
P, are applied at the extremities of the column and cause 
it to deflect as shown, the maximum deflection at the 
centre being represented by D. The uniform compressive 
stress per sq.in. ^, Fig. 50, is equal to the load P divided by the area 
of the cross-section A; thus 



Fig. 49. 



p= 



(I) 




The maximum intensity of stress /i due to bending 
is equal to the moment at the middle point of the 
column, multiplied by the distance yi from the 
neutral axis to the extreme fibres of the concave 
side of the column, and divided by the moment of 
inertia of the section, thus: 



yi 



A/yi 



/ • 
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But, since M—PD, therefore 



/i= 



PDyi 
I 



(2) 




Fig. 51. 



Then 



Now, assuming the curvature of the column to 
be circular (which is approximately correct), D 
may be determined as follows: 

In Fig. 51, i? = radius of curvature of the bent 

axis of column, in ins., 
/= length of colunm, in ins., 
jD= deflection at middle point, in ins. 



ar= 



D{2R-D)==2DR (approx.), 



D = 



/2 



8/e 



(3) 



From Art. 14, equation (i), ^ =7^; thus R 
value of R be substituted in (3), 

n f' '" J' 



-^.'~', and, if this 



8£ y 



yi 



where a is a constant = 






Substituting this value of D in (2), 

P P /2 /2 

P 

or I=Ar^f and -j = P' Then, the maximum stress per sq.in., 

Pi=P+fi =p{i +aPj = J(i +a^^. 

If Pi represent the clastic limit of the material in compression, 
which is about 42,000 lbs. per sq.in. for mild steel, then 



P, the breaking load, = 



piA 



IT 



(4) 



^ 
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Equation (4) is Rankine's formula, in which 

i4=area of cross-section in sq.ins. ; 

Pi=the elastic limit of the material in compression, in lbs. per 
sq.in. ; 
/= length of column, in ins.; 
r=the least radius of gyration, in ins.; 

fl = a constant dep)ending on the material, and determined 
experimentally by tests of actual columns. 

If both ends of the column are fixed, as in Fig. 52, the load which 

it will carry before failure is the same as for a column of one-half its 

/ 
length, but free to turn at the ends; thus — must be substituted for / 

and the formula becomes (for both ends square or fixed). 




mJwM 



p= 



P\A 



4 r^ 



• . (5) 




Fig. 53. 



If one end of the colunm is fixed and the other end free to turn, 
as in Fig. 53, J / must be substituted for /, and the formula becomes, 
(for one end square or fixed, and the other end free to turn). 



P=- 



P\A 



I -I — a-^ 
9 r-* 



(6) 



In practice, however, no column is perfectly free to turn at the 
ends, and it rarely happens that any column is absolutely fixed; thus 
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it becomes necessary to assume arbitrary values for a for the three 
cases instead of using the modified formulae (5) and (6). 

Many engineers advocate the use of one formula only both for 
columns with pin ends and for those with rivetted or fixed ends, assum- 
ing that in the latter case the accidental eccentricity of loading due to 
a possible unevenness of bearing or to slightly mismatched rivet holes 
is liable to induce bending moments fully as great as would occur in 
columns with pin ends. This appears to be a reasonable practice, 
which is here recommended, especially as many of the recent tests of 
full size columns give somewhat unfavorable results for those having 

a comparatively low ratio of — . 

In addition to the uniform compressive stress in a column, and 
to the stress induced by flexure as a whole, there are many secondary 
stresses, some of which are as follows: {a) stress due to the flexure 
of the unsupported parts between lattice-bar connections; {h) stress 
due to the eccentricity of the end connections; {c) stress due to the 
eccentricity of the lattice-bar connections, for these bars seldom inter- 
sect on the centre of gravity line of the channels which they connect; 
(d) stress induced by the omission of tie-plates and lattice-bars at or 
near panel-points, which omission is sometimes unavoidable. These 
secondary stresses are usually independent of the length of a column 

or of the ratio — , and they should be provided for by making an 

r 

allowance in the assumed working value of Pi in Rankine's formula, 
equation (4). 

Although the resistance of structural steel (in cubes) to crushing 
is approximately equal to its resistance to tension, the plates and 
shapes used in built columns will fail under a much smaller load, as 
indicated by recent tests of columns, the majority of which failed in 
detail rather than by flexure as a whole. In this connection, some 
interesting experiments on hollow cylindrical columns have been 
made by Mr. W. E. Lilly of Trinity College, Dublin, an account of 
which is published in " Engineering " for Jan. loth, 1908, and reprinted 
in ** The Engineering Digest " of March, 1908. Mr. Lilly has derived 
a formula for determining the proper working value of P\ for circular 

sections based on the ratio — , where r is the radius of gyration and / 

the thickness of metal. Unfortunately, this formula is inapplicable to 
columns of other forms; but an extensive series of tests of columns 
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of various forms is now being conducted at the Watertown Arsenal, 
which should shed much light on this important matter. 

In the meantime, however, for mild steel columns, 12,000 lbs. 
per sq.in. (or three-quarters of the permissible unit-stress in tension) 



is recommended for the working value of Pi, and 



coefficient a. Then 



18,000 



for the 



P- 



12,000 



1 + 



/2 



(7) 



1 8,ooor- 



where ^= - , the average allowable stress j)er sq.in. on the column. 
The curve obtained from equation (7) is shown in Fig. 54; also 




K) 20 30 40 50 60 7D 80 90 100 no 120 130 MO 150 160 170 180 190 2D0 

I 

Fig. 54. 
the straight line representing the equation, />=i6,ooo— 70— , which 

T 

is the column formula adopted by the American Railway Engineering 
and Maintenance of Way Association. This latter formula undoubt- 
edly gives values for the shorter columns which are excessive, as main- 
tained by Mr. J. R. Worcester in a paper contributed in 1908 to the 
American Society of Civil Engineers entitled " Safe Stresses in Steel 
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Columns." This view was also held by the majority of the members 
who took part in the discussion of this paper. 

The application of Rankine^s formula to the design of columns 
will be greatly facilitated by employing Table I, which has been com- 
puted for values of — varying from lo to 209. The permissible unit 

stress for any given ratio of - is found at once by inspection, thus: 
For a column 16 ft. long whose least radius of gyration =4 ins., 
— = =48; and the corresponding unit-stress found opposite 

this number = 10,630 lbs. per sq.in. 

Forms of Coltmins in General Use. For roof trusses and similar 
structures two angles, back to back, are most frequently employed. 
One angle should never be used as a strut, except in cases where the 
stress is very small. 

In buildings, single H-beams with wide flanges make excellent 
and economical columns for loads within their capacity. These 
beams are now rolled both in Europe and the United States. In 
Table II will be found the properties of H-beams rolled by Carnegie. 
For heavier loads, Z-bar columns, consisting of four Z-bars and 

a web-plate, thus: J^| (with or without flange plates) are very 
suitable; but equally good columns may be formed of two channels 
back to back with an I-beam between them, thus: J-t, or of three I- 
beams, thus: H • Box sections, built of plates and angles, thus: 
J L are also highly etficient, and are suitable for very heavy loads; 

but they should be filled with cement grout to prevent corrosion. 

In bridge trusses, the top chords and end posts are most frequently 

made of two channels and a cover-plate, thus: 2 C; or of two web- 
plates, four angles and a cover-plate, thus: 3^; both of which are 

latticed on the bottom flanges. Sometimes the cover-plate is omitted 
from these sections, and they are latticed on both top and bottom 
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Table I 

PERMISSIBLE UNIT STRESSES FOR MILD STEEL COLUMNS, 
IN ACCORDANCE WITH THE FORMULA 



P- 



12,000 



i8,ooor' 
in which ^= average permissible stress in lbs. per sq.in.; 
/= length of column in inches; 
r= least radius of gyration in inches. 
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tlanges. The compression web members are usually constructed of 

two channels, thus: ] [ , latticed on both sides; or of four angles 

and a web-plate, thus: M . In some cases, latticing is uspd instead 

of the web-plate; but it is not as efficient, particularly for a vertical 
post having a floor beam connected to one flange. This section is 
also very suitable for top chords and end posts, as well as for bottom 
chords; but it has not been used very extensively in the former 
capacity, probably owing to its general appearance. 

In order to guard against failure by crinkling, relatively thin 
material should be avoided. The thickness of web-plates should not 
be less than one-thirtieth of the distance between their connections; 
the thickness of cover-plates should not be less than one-fortieth of the 
distance between rivet lines; and the thickness of outstanding flanges 
should not be less than one-twelfth of their width. 



Table II 



PROPERTIES OF CARNEGIE H-BEAMS 



Section, 


Size, 

Inches. 


Area. 
Sq.ins. 


Weight in 
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Art. 16. The Latticing of Compression Members 

Until quite recently, very little consideration has been given to 
the stresses induced in the lattice-bars of compression members; and 
it has been generally customary to proportion these bars in accord- 
ance with rules derived from years of practical experience. This 
method has imdoubtedly given satisfactory results when applied to 
cases within the range of ordinary practice; but, when an exceptional 
case arises it is entirely inadequate. Hence the necessity of an 
intelligent understanding of the duties performed by lattice-bars, and 
of being able to compute (approximately, at least) the maximum 
stresses they are liable to sustain. This subject has already been 
treated of in another work by the author, entitled **The Design of 
Typical Steel Railway Bridges," but it will be dealt with here in a 
somewhat different manner, which is thought to be more satisfactory. 

The principal duty of the latticing in an ordinary compression 
member, where there are no intentionally eccentric loads, is to provide 
for the shearing stresses induced by the flexure of the colunm, referred 
to in the previous article. In addition to this, the lattice-bars should 
be stiff enough to prevent their being bent during the manufacture 
and transportation of the column, and to provide for the shear due 
to its weight when lying horizontally and supported at both ends. 

The shear due to flexure may be approximated by considering 
the column as a beam, supported at both ends and carrying a uniform 
load which would cause a maximum fibre-stress at the middle point 
equal tofi=pi-p, Fig. 50. 

A formula for the maximum end shear will now be developed, 
usirg the following notation: 

/= length of column, in inches; 
A =area of cross-section of column, in sq.ins.; 

7 = moment of inertia about axis perpendicular to plane of 

latticing; 
^1= distance, in inches, from this axis to outer fibres; 

r= radius of gyration, in inches, about the same axis; 
/>i=maximum fibre stress, in lbs. per sq.in.; 

/»= average permissible stress, in lbs. per sq.in.; 
/i= maximum fibre stress, due to flexure only, in lbs. per sq.in. 
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2t^= uniform load, in lbs. per iin.in.; 

A/ = bending moment in in. -lbs. at middle point of column; 

^=end shear, in lbs., perpendicular to longitudinal axis of 

r>rkliinnn 



column. 
Now 



and 



2 

hence 

M u'F 2 I 



8 y/ yi ^ ^ 



<?=-; (2) 



finally 



Q S u'l 4 ^^^ 






WTien the straight-line formula (/> = 16,000 — 70— | of the American 

Railway Engineering and Maintenance of Way Association is used 
in proportioning the column, equation (4) becomes 

^ 4Ar^ 70/ ^ , r 

Q=^—r-^— = 2SoA- (r) 

r,/ r yi ^^^ 

The stress in the end lattice-bars will then be equal to the shear, 
by equations (4) or (5), multiplied by the secant of the angle between 
the lattice-bars and a line perpendicular to the longitudinal axis of the 
column. The lattice-bars should then be proportioned by the column 
formula, equation (7), Art. 15. The width of lattice-bars should not 
be less than two and one-half times the diameter of the rivets used 
therein; and the thickness of single lattice-bars should not be less 
than one-fortieth of their length c. to c. of rivets; while double lattice- 
bars, rivetted at their intersections, should not be of less thickness 
thaii one-sixtieth of their length c. to c. of end rivets. Generally, 
single latticing should make an angle of 60° with the longitudinal axis 
of the column; and double latticing, an angle of 45°; but in no case 

/ 

should the ratio — , where / is the length between lattice-bar connections 

r 
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on one' channel of a column, and r the least radius of gyration of the 
channel, be greater than the ratio — for the column as a whole. The 

size of lattice-bars and their spacing should be uniform throughout 
the length of the column, and they should be connected directly to 
the end tie-plates without any intervening space. 

The above discussion will now be illustrated by a numerical example, 
viz., a column composed of two 15-in. at i}^ lbs. channels, 9.5 ins. back to 
back, and 30 ft. long. The sectional area of the column = 19.8 sq.ins.; 
its radius of gyration r, about the axis perpendicular to the planes of 
latticing, = 5.62 ins.; and the distance y\ from this axis to the outer 

fibres = 8.2S ins. Now / = "10X12 = 360 ins., and — =^^r-=64. There- 
^ ^ ^ ' r ^.62 

fore, from Table I, ^=9,780; then /i =^1-/^ = 12,000— 9,780 = 3,220 

„ . ... ^Ar^f\ 4X19.8X5- 622X3,220 

lbs. per sq.m.; and = r- = ^r — ; — 2,700 lbs. 

^ y\i 8.25X360 

Since there are two planes of latticing, the shear for one lattice-bar at 
end of column = 2, 700X^ = 1, 350 lbs.; and, if the latticing be at 60"* 
with the longitudinal axis of the column, this shear should be multi- 
plied by the secant of 30° ;n order to obtain the stress in the bar, thus: 
1,350X1.155 = 1,560 lbs. The length c. to c. of end rivets of the 
lattice-bars =15.6 ins.; and therefore, by the general rule, their thick- 
ness thould be equal to one-fortieth of their length, =| in. If J in. 
rivets be used, the width of the bars should be 2 J ins. Then 2jX| in. 
bars will be suitable provided they are sufficiently strong as struts. 

The least radius of gvration of thel)ar=o.ii in.; then -*=-^ = i42, 

r o.ii 

which, by Table I, corresponds to a permissible unit stress of 5,160 
lbs. per sq.in.; and the value of the bar in compression = 2jXf X5,i6o 
=4,350 lbs., which is considerably greater than the stress in it due to 
flexure. 



CHAPTER V 



Art. 17. Loads Carried by Various Structures 



Buildings and bridges, generally, are designed for three classes of 
loads, viz., dead-loady live-load and wind-load. The dead-load con- 
sists of the weight of the structure itself, including floors, roofs, walls, 
and all other permanent construction. The live-load, which is variable, 
consists of the weight of people, movable furniture, horses, vehicles, 
snow, etc. The wind-load is the force of the wind acting on the exposed 
surfaces of a structure, or on the surface of any vehicle or other body 
which may be passing over or supported by the structure. Since the 
weight of a structure cannot be known definitely until it has been 
designed, it is necessary to assume some approximate weight in order 
to calculate the dead-load stresses. If, on completion of the design, 
it is found that the assumed weight is either too great or too small, 
it may then be corrected and the stresses re-calculated. 

In the following table will be found* the weights of the principal 
materials used in the construction of buildings and bridges. 

Table III 

WEIGHTS OF MATERIALS, ETC. 



Name. Lbs. per cu.ft. 

Brickwork, common loo to 120 

Concrete, j^one i^^o to 1 50 

* * cinder 70 

Coal, imthracite, lor)se 54 

' ' bituminous, loose 49 

Oravel 120 

Iron, cast 450 

* * wrought 480 

Luml)er, spruce and hemlock 30 

white and red pine \ . 35 

Douglas fir 40 

yellow pine 45 

white oak 50 

Masonry, ashlar 140 to 160 

*' rubble 130 to 150 

Mortar 1 00 

Pavinp; brick 1 50 

' ' asphaltum 100 

Stone, granite and marble 170 



( < 



t ( 



i i 



i ( 



Name. Lbs. per cu.ft. 

Stone, limestone 160 

' ' sandstone 145 

*• slate 175 

Slag 40 

Sand, clay, and earth (dry) 100 

"' '* " (wet) 120 

Snow (freshly fallen) 10 

" (wet).'. 50 

Steel 490 

Water, pure, at 60° F b2\ 

Lbs. per sq.ft. 
(laid). 

Corrugated iron. No. 20 gauge . . 2.06 

No. 22 gauge . . 1.75 

No. 24 gauge . 1.43 

No. 26 gauge . . 1.13 

Roof slates 8.00 to 10.00 

Roofing, tar and gravel i - 25 

Plastering for walls and ceilings . 10.00 

G8 
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Approximate Weight of Roof Trusses. For the purpose of 
calculating the stresses, it will be quite accurate enough to assume 
that the weight of the trusses is equal to 5 lbs. per sq.ft. of area covered. 
Thus, if the span be 60 ft. and the distance between trusses 15 ft., 
then the approximate weight of one truss will be 60X15X5 =4,500 lbs. 
When steel purlins are used, their weight may also be assumed at 5 
lbs. per sq.ft. of area covered. 

Snow-Load on Roofs. For temperate climates a snow-load of 
25 lbs. per sq.ft. of roof surface should be assumed for all slopes up 
to 20°. For greater slopes this load may be decreased i lb. for each 
additional degree up to 45°, when no snow-load need be considered. 
In severe climates, or in sheltered places where the snow is liable to 
fill in, the above snow-load should be increased in accordance with- 
the actual conditions. 

Wind-Load on Sides and Roofs of Buildings. On all vertical 
surfaces the wind load is usually taken at 30 lbs. per sq.ft., acting in a 
horizontal direction. On sloping surfaces it may be assumed to 
act in a direction perpendicular to the slope, and its intensity taken 
from Table IV, which has been computed in accordance with Unwinds 
formula. 

Table IV 

WIND PRESSURES ON ROOFS 

Angle of Roof Normal Pressure Angle of Roof Normal Pressure 

with Horizontal. in lbs. per sq.ft. with Horizontal. in lbs. per sq.ft. 

5° 3.8 40° 24.9 

10° 7.2 50° 28.5 

20° 13.5 601090° 30-0 . 

30° 19.8 

Floor Loads for Buildings. In addition to the weight of flooring 
and supporting beams, the floors of buildings should be designed to 
carry the maximum live-loads to which they are liable to be subjected; 
but in no case should the assumed live-loads be less than those given 
in Table IVa. 

Table IVa 

MINIMUM LIVE-LOADS FOR FLOORS OF BUILDINGS 

Lbs. per sq. ft. 

Dwellings, hotels, etc 50 

Upper stories of oflSce buildings 60 

Churches, schoolrooms, theatre galleries, also flat roofs liable to be crowded 

by people 75 

Ground floors of oflSce buildings, main floors of theatres, dancing halls, etc.. 100 
Warehouses and factories 150 to 600 
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Crane Loads. When structures are required to support travelling 
cranes or conveyors of any sort, provision should be made for the effect 
of impact and vibrations induced thereby. This may be accomph'shed 
by adding about 25 per cent to the weight of these moving parts and 
their loads. 

The top flanges of crane runway girders should be designed to resist, 
in addition to the vertical load, a lateral force which may be developed 
in the attempt to lift a load obliquely. This lateral force may be taken 
at 20 per cent of the maximum load to be lifted, and is assumed to be 
distributed equally to the four wheels of the crane. 

The Dead-Load for Highway Bridges is usually divided into two 
parts, viz.: a, the weight of timber or concrete floor, 6, the weight of steel. 
The weight of the floor may be computed from data given in Table III. 
For an ordinary country bridge of 16 ft. roadway, with wooden stringers, 
flooring and hand-rails, the weight of steel may be determined approxi- 
mately by the formula 

u', = 2.5L + 75, (i) 

in which 7t;^ = weight of steel per lin.ft. of bridge, 
Z= length of span in feet. 

For a similar structure of greater or less width, the weight of steel will 
be proportionately greater or less; and, if the bridge have steel stringers 
and hand-railings, the weight of these items should be calculated and 
added to the result given by formula (i). 

Live-Load for Highway Bridges. For the trusses of an ordinary 
bridge on a country road, a live-load of 75 lbs. j)er scj.ft. of roadway 
and Sidewalks (if any) is ample; but the floor system and its immediate 
sup{X)rts should be designed for a load of not less than 100 lbs. per 
sq.ft.; or for a load of 16,000 lbs. ecjually distributed on four wheels, 
6 ft. apart transversely and 8 ft. c. to c. of axles. 

For city bridges, or for bridges designed to carry electric railways, 
the live-load should be assumed in accordance with the actual conditions, 
allowing for the heaviest cars, road rollers, etc.; but in no case should 
it be taken at less than 100 lbs. per scj.ft. of roadway and sidewalks, 
whether for trusses or floor system. 

Impact for Highway Bridges. To provide for the effect of 
impact and vibration due to the live-load, there should be added to 
the calculated stresses for dead- and live-loads an impact stress which 
may be computed by the formula 

Imp.-^ , (2) 

2 max. ■ ^ 
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in which imp. =the impact stress caused by the live-load; 

range =^ the range or numerical sum of the live-load stresses; 
max. = the maximum stress due to the dead- and live-loads 
which can occur at one time. 

When the live-load stress in a member is always of the same kind 
(whether tension or compression), then the maximum live-load stress 
represents the range; but, when a member is subject to alternate 
live-load stresses of tension and compression, then the numerical sum 
of these alternate stresses represents the range. 

Wind-Loads on Highway Bridges. The top laterals of deck 
bridges and the bottom laterals of through bridges are usually pro- 
portioned for a horizontal wind force of 300 lbs. per lin.ft., considered 
as a moving load; and the bottom laterals of deck bridges nnd the 
top laterals of through bridges, for a horizontal wind force of 150 lbs. 
per lin.ft., also considered as a moving load. For through pony-truss 
bridges having bottom laterals only, the horizontal wind force may be 
taken at 450 lbs. oer lin.ft., considered as a moving load acting in the 
plane of the laterals. 

The loads for railway bridges will not be considered in this place, 
as the subject is treated quite fully in *' The Design of Typical Steel 
Railway Bridges," previously referred to. 

Art. 18. Permissible Unit-S presses 

Mii.T) steel 

L]>s. per sq.in. 

Tension on net section 16,000 

. ,. 12,000 
Compression on gross section -^ — 

i8,ooor'^ 

Shearing: Shop rivets and pins 1 2,000 

Field-driven rivets and bolts 9,000 

Webs of beams and plate-girders, gross section. 10,000 

Bearing: Shop rivets and pins 24,000 

Field-driven rivets and bolts 18,000 

Bending: On outer fibres of rolled shaj)es and built j;irders, 

net section 16,000 

On outer fibres of pins 24,000 

Bearing on expansion rollers, per lin.in., 1,200 v diam. in ins. 
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BEARING ON MASONRY 

Lbs. per sq.in. 

Granite 500 

Sound limestone and Portland cement concrete 400 

Sandstone 300 

Hard-burned brick, laid in Portland cement mortar 200 

Common brick laid in lime mortar 100 



BEARING ON SOILS 

Tons per sq.ft. 

Soft clay I 

Ordinary clay and dry sand mixed with clay 2 

Dry sand and dry clay 3 

Hard clay and firm, coarse sand 4 

Firm, coarse sand and gravel 6 

Rock 2«: 

TIMBER: PERMISSIBLE STRESSES IN POUNDS PER SQUARE INCH 



Kind of Timber. 



White oak 

Long-leaf vellow pine 

Douglas fir 

White and red pine . . 

Spruce 

Hemlock 



Bending 

on Outer 

Fibres. 


End 
Bearing. 


8 8 8 8 8 8 


1500 
1800 
1800 
1200 
1200 
1000 



Columns 

under lo 

Diameters 



1200 

1200 

1200 

800 

800 

700 



Bearing 
across 
Grain. 



600 
400 
400 
250 
250 
200 



Shearing 

with 

Grain. 



300 
250 
250 

150 

150 
100 



The permissible unit-stresses for long timber columns may be 
determined by the following empirical formula 



/> = C-fi5o-i5-, 



(I) 



in which ^= permissible stress per sq.in. on columns when j> 10; 

(*■ 

C= permissible stress per sq.in. on colunms when -r-< 10; 

/ = length of column in inches; 
tf = least side of column in inches. 
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Wind and Other Stresses Combined. For the combination of 
the maximum stresses produced by the wind-load with those due to 
the dead-load, live-load and impact, it is customary to permit of unit 
stresses 25 per cent higher than those given in this article; but the 
sections obtained thereby should not be less than required if the wind- 
load stresses be neglected. The reason for allowing the higher unit- 
stresses with the combination of stresses just mentioned is on account 
of its infrcquency. 



Art. 19. Rivets and Rivetting 

The sizes of rivets used in structural steelwork are i, f , }, } and i 
in. Those in most general use are J and J in. The smaller ones are 
used only in very light members to avoid cutting out too much of the 
sectional area. Rivets larger than J in. are difficult to drive, and they 
are only used in cases where it is impossible to get in enough of a 
smaller size, owing to lack of available space. 

Spacing of Rivets. The distance centre to centre of rivets should 
not be less than three times their diameter. In compression members, 
rivets should not be farther apart, in line of stress, than sixteen times 
the thickness of the outside plates, nor should this spacing exceed six 
inches.. The distance from the centre of a rivet to the end of a sheared 
member should not be less than one and one-half times the diameter 
of the rivet, or generally, ij ins. for J-in. rivets and ij ins. for J-in. 
rivets. 

Size of Rivet Holes. Ordinarily holes are punched ^ in. larger 
than the rivets; but, in more particular work, they are punched J in. 
smaller and, after assembling of the parts to be riveted, are reamed 
to ^ in. larger than the rivets. Holes in metal of greater thickness 
than the diameter of the rivets are usually drilled, as they are difficult 
to punch and because the punching of comparatively thick material 
is considered to be too injiu*ious to it. In the determination of the 
net sectional area of tension members, it is customary to make allowance 
for holes of ^ in. greater diameter than that of the rivets before driving, 
or ^ in. greater than the actual size of the holes. This extra ^g in. 
is to compensate for the injury to the surrounding metal due to punch- 
ing. In compression members, no allowance is made for rivet holes, 
the assumption being that the rivets entirely fill the holes and thus 
make up the loss of sectional area. 
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Strength of Rivets. Rivets may fail by shearing, by crushing 
(or bearing) or by tension on the heads. Generally, it is not considered 
good practice to use rivets in tension, as their tensile strength is some- 
what uncertain owing to initial stresses from cooling; but it is some- 
times unavoidable to use them in this manner, in which cases the 
tension should not exceed 8,000 lbs. per sq.in. 

Shearing and Bearing Values of Rivets. The permissible 
shears on shop- and field-driven rivets, as given in the previous article, 
are respectively 12,000 and 9,000 lbs. per sq.in. Now the shearing 
value of a rivet is equal to the area of its cross-section, in sq.ins., 
multiplied by the permissible shear per sq.in. Thus, the shearing 
value of a }-in. rivet at 12,000 lbs. per sq.in. =0.4418 sq.in. X 12,000 
= 5,300 lbs.; and, at 9,000 lbs. per sq.in. =0.4418X9,000 =3,97 5 
lbs. 

The permissible bearings on shop- and field-driven rivets are given 
at 24,000 and 18,000 lbs. per sq.in. The bearing value of a rivet is 
equal to the diameter of the rivet multiplied by the thickness of metal 
on which it bears (both in ins.) multiplied by the permissible bearing 
per sq.in. Thus, the bearing value of a J-in. rivet on a |-in. plate, 
at 24,000 lbs. per sq.in. = 1x1X24,000 = 6,750 lbs.; and, at 18,000 lbs. 
per sq.in., = JXfX 18,000= 5,060 lbs. 



U»v» 




■ , /^^L,.^J^%^ ^ plane of shearing 
Fig. 55. 



Rivets may be either in single or double shear. Fig. 55 represents 
a joint where the rivets are in single shear: that is to say, the joint 
could fail by the rivets shearing in one plane only, viz., that between 
the two members joined. Fig. 56 represents a joint where the rivets 
are in double shear. In this case the rivets would have to be sheared 
in two planes, as shown, before the joint could fail in that manner, 
and they would thus have twice the shearing value of the rivets in 
^^ig- 55- ^^ mosX cases, however, when rivets are in double shear 
their bearing value is less than twice their shearing value, when 
the bearing value determines the strength of the joint. In Fig. 55 
each rivet is good for 5,300 lbs. in shear and 6,750 lbs. in bearing (if 
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shop rivets); and thus the shearing value governs. In Fig. 56 each 
rivet is good for 5,300X2 = 10,600 lbs. in shear and 6,750 lbs. in bearing; 
so the bearing value governs. If the centre member in Fig. 56 were 
i in. thick the bearing value of the rivets would then be J XiX 24,000 
=9,000 lbs. each, which is still less than their shearing value. If this 
member were | in. thick, the bearing value would be J XfX 24,000 

\J^ \Jy ^<- plane of shearing 
Fig. 56. 

= 11,260 lbs.; therefore, the double shearing value of the rivets would 
determine the strength of the joint. In designing a rivetted connection, 
great care must be taken always to use the least value a rivet can have 
under the circumstances, whether in single shear, double shear, or 
bearing. 

Table V gives the shearing and bearing values of shop- or power- 
driven rivets, computed for a permissible shear of 12,000 lbs. per sq.in., 
and a permissible bearing of 24,000 lbs. per sq.in. 

Table VI gives the shearing and bearing values of field- or hand- 
driven rivets, computed for a permissible shear of 9,000 lbs. j^er sq.in., 
and a permissible bearing of 18,000 lbs. per sq.in. 

In Tables V and VI, all bearing values above or to the right of the 
upper heavy lines are greater than double shear. Values between the 
upper and lower heavy lines are less than double, and greater than 
single shear. Values below^ and to the left of lower heavy lines are 
less than single shear. 
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Conventional Signs for Ri vetting, in General Use in the 

United States and Canada 

Shop Field 
Rivets. Rivets. 

Two full heads O • 

Countersunk far side and chipped 0..-. ^ 

Countersunk near side and chipped Q g( 

Countersunk both sides and chipped jg fj^ 

Countersunk far side but not chipped 

Countersunk near side but not chipj^ed O 

Countersunk both sides but not chipped 

Flattened to \ 

Flattened to J 
Flattened to } 
Flattened to | 
Flattened to f 

Flattened to J 



n. far side (^ 

n. near side 

n. both sides g! 

n. far side 9 

n. near side 

n. both sides 



CHAPTER VI 
Example ix Offick Building C'oxstruction 

Fig. 57 represents the steel framework of a small office building. 
The floors and roof are assumed to be of reinforced concrete con- 
struction; and the outer walls of brick, 12 ins. thick, carried on steel 
girders at each floor. 

The loads for the first, second, and third floors, as well as the 
roof, will be taken as follows: 

Cinder concrete, 4 ins. thick 25 

Plaster ceiling 10 

Wooden floor 5 

Steel floorbeams and .stringers 5 

— 45 

Live-load 60 

Total load per scjuare foot 105 lbs. 

Loads for ground floor: 

Cinder concrete, 6 ins. thick 35 

Plaster ceiling 10 

Tile floor i in. thick 15 

Steel floorbeams and stringers 5 

Live-load 100 

Total load per scjuare foot 165 lbs. 

The weight of the 12-inch curtain walls will be assumed at 120 lbs. 
per sq.ft. of surface. 
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Stringers for Upper Floors and Roof. The sf)an of the stringers 
is 15 ft., and they are 5 ft. apart c. to c. Then the total distributed 
load on each stringer = 15X5X105 = 7,875 lbs.; the bending moment 

at the centre = ^ ^=14,760 ft.-lbs. = 177,120 in. -lbs; and the 

o 

section modulus required = 177,120^ 16,000= 11.07. Now, turning to 
the table of properties of standard I-beams in the hand book of any, 
of the rolling mills companies, it will be found that an 8-in. I-beam 
weighing 18 lbs. per foot, and having a section modulus of 14.2, is 
suitable for this place. 

Floorbeams for Upper Floors and Roof. The span, used in 
computing the bending moment of the floorbeams, is the distance 
c. to c. of columns, viz., 15 ft. The loads, which are concentrated 
5 ft. from either end, are each equal to the total load on one stringer, 
= 7,875 lbs. The bending moment is a maximum at the stringer 
connections, and, in this particular case, is uniform or constant between 
them. The reaction at either end is equal to one of the concentrations, 
and the maximum moment is equal to the reaction multiplied by its 
distance from the near load, = 7,875X5 = 39,375 ft.-lbs. =472,500 in. -lbs. 
Then 5=472,5oo-m6,ooo=29.5. For this case, a 12-in. I-beam at 
31.5 lbs. per ft. and for which 5=36, is suitable. 

Stringers for Ground Floor. The span and distance apart of 
these stringers are the same as for those of the upper floors. The total 
distributed load on each stringer= 15X5X165 = 12,375 ^^s.; and the 

12 '?7^Xi'n 

bending moment at the centre = ^ ^ = 23,200 ft.-lbs = 278,400 

o 

in.-lbs. Then 5 = 278,400-^16,000 = 17.4. Here, a 9-in. I-beam at 
21 lbs. per foot and for which 5 = 18.9, ^^ the beam to use. 

Floorbeams for Grotind Floor. The span and manner of 
loading are the same as for the upper floors. The concentrations 
are equal to the stringer loads =12,375 ^^s.; and the maximum bend- 
ing moment = i2,375X5 = 6i,875 ft.-lbs. = 742,500 in.-lbs. Then S = 
742,5004-16,000=46.4. For this case a 15-in. I-l^eam at 42 lbs. 
per foot for which 5 = 58.9, is the most economical section to employ. 

Front and Rear Wall Beams at First, Second, and Third Floors. 
If the walls were .solid throughout, without window openings, the 
greatest load inducing bending moments on the supporting beams 
would be represented by a triangle of base equal to the s[)an and 
altitude at the centre equal to about one-half the s[)an, as indicated 
by the dotted lines in Fig. 58 (a), weighing 120 lbs. per sq.ft. of area; 
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for the remainder of the wall would be found to support itself by arch 

Fig. 58(a) represents one panel of the wall, having two window 
ojtenings 3 ft. 6 ins. by 8 ft. In this case the shaded area may be 
taken as the load in computing the bending moment. If, however, 
there were but one window in the centre of the panel it would be 
justifiable to assume that only the portion of the wall below the window 



"T'T 



•0 >> 




.Mol/fcl 



Fig. sR. 



sill caused bending moments in the beam, as the remainder would 
evidently be self-supporting. 

Fig. $&l.b) represents the assumed wall loads in the present example. 
The lower rectangle on the central 1 1 ft. is equal to the weight of the 
wall lielow the window- sills=ii fl.X3 ft.Xizo lbs.=3,96o lbs. The 
triangular areas at the ends are each equal to the weight of the shaded 
part of the wall between either end of beam and the edge of the adjacent 
window, =--^— Xi3o = 36olbs. The upper rectangle is equal to the 
weight of the wall between the windows, as well as of the central half 
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of the wall above the windows, for the end {X)rtions are assumed to be 
supported by the side piers. Then, the weight of the upper rectangle 
= (4 X 8 X 1 20) + (3 X 7 . S X 1 20) = 6, 540 lbs. The reaction for these loads 

at either end of the beam will be equal* to ^^^^ 1-360 = 5,610 

lbs. The bending moment at the centre will be equal to the reaction 
at either end multiplied by its distance from this point, minus the loads 
on either side of the centre multiplied by the distances of their several 
centres of gravity from the same point, thus: 

5,6ioX7i= +42,075 

6,540 



Xi =-3,270 



^f-°X.| = -5,445 

2 



- 360X6^ = -2,220 -io,Q35 



Moment at centre of beam from wall load = -(- 3 1 , 1 40 ft. -lbs. 

In addition to the wall, these beams are required to support one-half 
panel of uniform floor load, = 15X2.5X105=3,940 lbs., and the 

bending moment at the centre due to this load =— ^ ^ = 7,380 ft.-Fos. 

o 

Then the total centre moment = 3i,i40 + 7,380 = 38,520 ft. -lbs. =462,240 
in. -lbs.; and the 5 required = 462,240-?- 16,000 = 28.89. Thus a 
i2-in. I-beam at 31.5 lbs. per foot with 5 = 36 is the proper section to 
use. A 12 Xi in. plate will be rivetted to the top flange to carry the 
wall, and a 3X3XJ in. angle will be rivetted to the web on the inside 
to support the floor. 

The connections of these beams to the column should be designed 
to carry one-half of the total weight of the wall (allowing for window 
openings) and the floor load. The wall load = (14X7.5 X 120) — 
(8X3.5X120) =9,240 lbs.; and the floor load = 7.5X2.5X105 = 1,960 
lbs. Then the total load on column connections = 9, 240 -(-1,960 = 
11,200 lbs. 

Two beams, side by side and connected by cast iron separators, 
are frequently used for wall girders; but, when practicable, a single 
beam is more satisfactory, as it is more economical, and it requires 
less complicated connections to the columns. 
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End Wall Beams at First, Second, and Third Floors. Assuming 
the same arrangement of window openings as for the front and rear 
walls, the bending moment due to the weight of wall will also he the 
same; whereas the bending moment caused by the floor load will be 
equal to one-half of that already computed for the floorbeams of the 

upper floors. Then the total bending moment =3 1,140-1-'^-^^^^-^ = 

50,825 ft.-lbs. = 609,900 in. -lbs. ; and the S required = 609,900-7- 16,000 
= 38.12. This case calls for a 12-in. I-beam at 35 lbs. [)er ft. for which 
5=38. The wall load on column connections, as before, =9,240 
lbs.; the floor load = 7.5X5X105 = 3,930 lbs.; and the total load 
= 9,240 + 3,930=13,170 lbs. A 12 Xi in. plate will also be used on 
these beams to carry the wall. 

Front and Rear Wall Beams at Ground Floor. The arrange- 
ment of the window openings may be taken as similar to that at the 
upper floors. The wall, however, is 18 ft. high; and the windows 
will be assumed 12 ft. high with 3 ft. of wall both above and below 
them. The load diagram will then be the same as in Fig. 58(/;), 
except that the upper rectangle will be increased owing to the 4 ft. 
additional height of the piers between the windows. Thus the weight 
of the upper rectangle = (4X12X120) + (3X7.5X1 20) = 8,460 lbs.; and 

1 . -1 1 3,960-1-8,460 . _ ,, rr^, , ,. 

the reaction at either ena = 1-360 = 6,57011)8. The bending 

moment due to the wall loads is found as before, and that due to the 
floor load is ecjual to one-half the bending moment for ground floor 
stringers, as follows: 

6,57oX7i= +49*275 

8,460 



Xi =- 4,230 



.■ll96o^.J=- 5,445 



— 360X6^=— 2,220 —11,895 



Moment at centre: 




Wall loads — 


+ 37,380 


Floor load — 


23,200 

-^^ 11,600 

2 



Total, 48,980 ft.-lbs. = 587,760 in.-lbs. 



84 BRIDGE AXT) STRUCTURAL DESIGN 

and the S required = 587, 760-M 6,000=36.73. A 12-in. I-beam at 
35 lbs. per foot, for which 5=38.0, will be used here, with a 12 X I in. 
top plate. The wall load on column connections = (18X7.5 X 120) — 
(12X3.5X120) = 11,160 lbs.; the floor load = 7. 5X2.5X1 65 =3,090 lbs.; 
and the total load = 11, 160 -I- 3, 090 =14, 2 50 lbs. 

End Wall Beams at Ground Floor. The same arrangement of 
window openings as in front and rear walls is assumed, and thus the 
bending moment from wall load will be equal to 37,380 ft. -lbs., as 
above; while the bending moment due to floor load will be equal to 

one-half that obtained for the intermediate floorbeams, = — ^-^ = 

2 

30,940 ft.-lbs. The total centre moment =37,3804-30,940=68,320 
ft.-lbs. = 81 9,840 in.^bs.; and 819,840-7-16,000=51.24, the required S. 
A 15-in. I-beam at 42 lbs. per foot, and for which 5 = 58.9, will be used, 
with a i2Xi in. plate for wall as before. The wall load on column 
connections = i 1,160 lbs.; the floor load = 7.5X5Xi65 =6,190 lbs.; and 
the total load = 11, 1 60 -(-6, 1 90 =17, 3 50 lbs. 

Loads on Columns. The interior columns support a roof and 
floor area equal to 15X15 = 225 sq.ft.; consequently, at the first, 
second, and third floors and roof, the loads imposed on these columns 
= 225X105 = 23,625 lbs.; and, at the ground floor = 225X165 =37,1 25 
lbs. The wall columns support a roof and floor area equal to 15X7.5 
= 112.5 sq.ft.; thus, at the first, second, and third floors and roof, the 
loads = ii2.5Xio5 = i r,8oo lbs.; and, at the ground floor = ii2.5Xi65 
= 18,560 lbs. The wall loads carried by these columns are equal to 
the net area of one panel of wall multiplied by its weight per sq.ft. 
At the first, second, and third floors, the area of wall supported by 
each column = (i5Xi4) — (2 windows 3.5X8) = 154 sq.ft.; and its 
weight = 154X1 20 = 18,480 lbs. At the ground floor, the area of wall 
supported by each column = (15X18) — (2 windows 3.5 X 1 2) = 186 sq.ft. ; 
and its weight =186X120=22,320 lbs. 

Summary of Loads on Interior Columns 
Roof load 23,625 

Total load on columns between third floor and roof 23,625 lbs. 

Third floor load 23,625 



Total load on columns between second and third floors 47,250 lbs. 
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Second floor load 23,625 

Total load on columns beween first and second floors 7o>875 lbs. 

First floor load 23,625 

Total load on columns between ground and first floors 94,500 lbs. 

Ground floor load 37) 125 

Total load on columns between basement and ground 

floors 131,625 lbs. 

Summary of Loads on Wall Columns 

Roof load II ,800 

Total load on columns between third floor and roof 11,800 lbs. 

Third floor load 11 ,800 

Wall load between third floor and roof 18,480 

Total load on columns between second and third floors 42,080 lbs. 

Second floor load 11 ,800 

Wall load between second and third floors 18,480 

Total load on columns between first and second floors 72,360 lbs. 

First floor load 11 ,800 

Wall load between first and second floors 18,480 

Total load on columns between ground and first floors — 102,640 lbs. 

Ground floor load 18,560 

Wall load between ground and first floors 22,320 

Total load on columns between basement and ground 

floor 143*520 lbs. 
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The above total loads are all shown in the proper places in Fig. 57. 

It is usually customary to make the individual sections of columns 
for this class of work long enough to extend through two stories, 
instead of splicing them at or near every floor. This arrangement 
requires some excess of metal over the amount that would be used 
if the section were altered at each floor to meet the exact requirements 
of the loads; but there are compensating advantages in shopwork 
and ejection owing to the less number of pieces to handle. In the 
present example, the column splices are located 9 ins. above the first 
and third floor lines so as to clear the beam connections. 

For the upper sections of the columns, Carnegie H-beams are 
used, the minimum size adopted being 6X6 ins. Referring to Table 
II, Art. 15, it will be found that the area of a 6X6 in. H-bcam at 
23.8 lbs. = 7.0 sq.ins., and that its least radius of gyration = 1.55 ins. 
Then, since the unsupported length of the column = 14 ft. = 168 ins., 

/ T Aft 

— = = 108, which ratio, by Table I, Art. 15, corresponds to a per- 

^ 1-55 

missible unit-stress of 7,280 lbs. per sq.in.; and its capacity = 7,280X7.0 
= 50,960 lbs. Although this section is capable of sustaining safely 
a much greater load than that on the columns above the third floor, 
a smaller shape is not recommended on account of the diflSculty in 
making connections thereto. 

Between the first and third floors, 8X8 in. H-beams at 34.6 lbs. 
are used. Their sectional area = 10. 17 sq.ins., and their least radius 

of gyration = 2.oi ins. Then — = =83.5, which, by Table I, 

corresponds to a permissible unit-stress of 8,65b lbs. per scj.in.; and 
the capacity of this section = 8,65oX 10.17 = 87,970 l^s., being con- 
siderably greater than the load on columns above the first floor. 

Since there are no heavier sections of H-beams in the Table than 
the 8X8 in., a compound section of the form shown in Fig. 30 is used 
from the basement to the first floor, made up as follows: 

4 angles 5X3iXj in. = 12. 20 (3i-in. legs rivetted to web) 
I web-plate 8Xf in. = 3.00 



15.20 scj.ins. 



The least radius of gyration for this section, which is about the ax's 
cdy is found by calculation to be 2.15 ins. Now the unsupported 
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length of columns between the ground and first floors = i8ft. = 216 ins.; 

then — = = 100, which, by Table I, corresponds to a permissible 

unit-stress of 7,710 lbs. per sq.in.; and 7,710X15.20 = 117,200 lbs., 
the capacity of the columns. Between the basement and the ground 
floors, the unsupported length of the columns =8 ft. =96 ins.; and 

— =~— =45, corresponding to a permissible unit-stress of 10,780 lbs. 

per sq.in.; and 10,780X15.20 = 163,850 lbs., which is the capacity of 
the columns between the basement and ground floors. Thus it will be 
seen that the section is ample for either the interior or wall 
columns. 

As the loads on both the interior and the wall columns are approxi- 
mately equal, their sections are made alike throughout. 

Details. In Fig. 59 are shown some of the details for an interior 
and a wall column, as well as a floor stringer connection. 

Beginning at the roof, it will be seen that the main roof beams 
rest directly on top of the columns and are connected thereto by two 
3iX3iXf in. angles, 6 ins. long, the tops of the columns being faced 
to the bevel of the roof, and the connection angles bent correspondingly. 

Splices. At the splices above the third floor, horizontal bearing 
plates i in. thick are used to distribute the load from the upper sections 
over the lower, both upper and lower sections being faced to give 
perfect bearings. The 6 X f in. splice-plates on the flanges are intended 
to hold the two sections in line and to give stiffness to the joint. On 
account of the difference in width of the sections spliced, filler-plates 
are rivetted to the upper sections. The splices above the first floor 
should be designed similarly, except that the flange splices would be 
8 ins. wide and no fillers are required. 

Floorbeam Brackets. The maximum floorbeam reaction, which 
has been found in connection with the end wall beams at the ground 
floor= 17,350 lbs. Now, the value of a J-in. rivet in single sheai 
(by Table V) = 5,300 lbs.; thus 4 rivets would be ample if they were 
subject only to direct shear. But there is a certain amount of bending 
moment on the bracket inducing tension on the heads of the upper 
rivets; and, on this account, the number of rivets should be somewhat 
increased. The drawing shows 8 rivets. In order to increase the 
general stiffness of the structure, the top flanges of the beams are 
connected to the columns by short 3iX3iXf in. angles as shown. 
All of the brackets, both for the 15-in. and the 12-in. beams, are made 
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alike to simplify the shopwork. For the 8-in. and p-in. floor stringers, 
which are supported directly by the intermediate columns, lighter 
brackets are employed, consisting of 6X3iXi in. angles 5 ins. long, 
without vertical stiffeners. 

Connections of Stringers to Beams at Upper Floors and Roof. 
The total load on a stringer, as computed near the beginning of this 
article, = 7,875 lbs.; thus the end reaction = 7,875X^=3,940 lbs. The 
stringer connections consist of two 3iX3iX| in. angles, 6 ins. long, 
rivetted to the stringers by two J-in. rivets spaced 2 ins. from the back 
of the angles and 3 ins. apart vertically. Now there are two forces 
acting on these rivets: one vertical and the other horizontal. The 
vertical force is equal to the end reaction of the stringer and is distrib- 
uted equally between the two rivets. The horizontal force is due to the 
fact that the end reaction is applied two inches, horizontally, from the 
rivets, thus causing a bending moment equal to the reaction multiplied 
by this distance =3,940X2 = 7,880 in.-lbs.; and, since the resisting lever 
arm of the rivets =3 ins., the horizontal force on each = 7,880^ 3 = 2,630 
lbs. ; this force on the upper rivet acting away from the end of the beam, 
and that on the lower rivet acting towards it. The resultant force 
on each rivet is equal to the hypothenuse of a right-angled triangle, 
the horizontal side being equal to the horizontal force thus found, 
and the vertical side being equal to one-half of the end reaction. Then, 

the total stress on each rivet =\/i, 970^ -1-2,6302 =3, 280 lbs. Since the 
webs of the 8-in. beams are J in. thick, the minimum value of a J-in. 
rivet, by Table ¥,=4,500 lbs., which is greater than the stress, and 
therefore the connection is amply strong. The four field rivets which 
pass through the webs of the floorbeams are required to sup{X)rt the 
ends of the two adjacent stringers, and thus the load on them = 7,875 
lbs. The floorbeam webs are f in. thick, and thus the bearing value 
of each |-in. rivet, by Table VI, =5,070 lbs., which is much greater 
than the stress attributed to it. 

Bases of Columns. The maximum column load, as shown in 
Fig. 57, =143,520 lbs.; and, with a permissible bearing of 400 lbs. 
per sq.in. on the concrete foundations, the bearing area required 
= 143, 520-^ 400=359 sq.ins. The area of the base plates used = 
18X21=378 sq.ins. Two side plates 12 Xf ins. and two angles 
6X4Xi ins. are used to assist in distributing the loads from the columns 
over the base plates. 

Wind Bracing. In small buildings, similar to the example here 
dealt with, the curtain walls between the outer columns |)rovide ample 
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wind bracing; but in designing sky-scrapers special bracing must be 
supplied to resist the wind forces. 

This article is only given as an introduction to office building 
construction; but it should serve to indicate to the student the general 
principles involved. In large buildings many complicated problems 
arise, which must be studied independently, and can only be dealt 
with when all of the conditions are known. 
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CHAPTER VII 
The Design of a Simple Roof Truss 

The roof truss considered in this chapter is required for a brick 
building 40 ft. wide c. to c. of walls. The walls are assumed to be 
13 ins. thick, with pilasters 21X21 ins. at the trusses, which latter are 
15 ft. apart c. to c. The trusses are of the Fink pattern, with the 
rafters divided into 8 equal panels, the angle between the rafters and 
the horizontal being 30°. The roof is covered with slates laid on 2-in. 
boards, and the latter are supported by longitudinal steel purlins 
placed at the panel-points. In accordance with the data and rules 
given in Art. 17, the weight of the trusses per sq.ft. of horizontal area 
is assumed at 5 lbs., and the steel piu*lins at 5 lbs. The weight of 
the roof boards per sq.ft. of roof area is taken at 5 lbs.; the slates at 
10 lbs., and the snow-load at 15 lbs. It will be sufficiently accurate 
to add the weight of the trusses and purlins per sq.ft. of horizontal 
area to the weight of the boards, slates, and snow for the total weight 
per sq.ft. of roof area. Thus the total assumed vertical load =40 lbs. 
per scj.ft. of roof area. The wind-load, which is normal to the plane 
of the roof, and acts only on one side at a time, = 20 lbs. per sq.ft. 

Panel Loads. Both the vertical and the wind-loads are assumed 
to be concentrated at the panel -points of the rafters, which are about 
5.75 ft. apart; thus the intermediate panel-points support a roof ?.rea 
of 5.75X15=86.25 sq.ft.; and the end panel-points one-half of this 
amount. Then, for the vertical load, the intermediate panel-point 
concentrations = 86. 25X40 =3, 450 lbs.; and the end panel-point con- 
centrations=3,45oXi = 1,725 lbs. For the wund-load, the intermediate 
concentrations = 86. 25X20= 1,725 lbs.; and the end concentrations = 
I j7 25X^=860 lbs. The loads are showii on the truss diagram in Fig. 
60. 

Stress-Diagrams. The vertical and the wind-loads are treated 
separately. The stress-diagram for the former requires no explanation 
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in this place, as it is fully described in Art. 3. The resultant of the 
wind-loads is applied at the middle point of the rafter; and, when 
produced, cuts the horizontal member in a point distant one- third of 




3fr9S5 Diagram 
Wind Load 



Stress Diagram 
Vertical L oad 
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Scale of Pounds 
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Fig. 6o. 



the span from the left-hand end, as shown. Therefore, the reactions 
at the right-hand and left-hand supports are equal respectively to 
one-third and two-thirds of the total wind-load, viz., 2,300 lbs. and 
4600 l\)s.; and their direction is parallel but opposite to the applied 
force. The wind-loads AB, BC, CD, DE, EF, . . . / are laid oflF 
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on the load line in regular order downwards; and the reactions JK 
and KA upwards. The stress-diagram is then proceeded with as in 
previous examples. It should be noted that there are no stresses in 
the web-members of the leeward half of the truss, but only in the rafter 
and bottom chord. The vertical load stresses as well as the maximum 
wind-load stresses are now scaled from the diagrams, and summarized 
in Fig. 6i; the former being indicated by the letter v, and the latter 
by w. 
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Proportioning of Truss Members. The required sectional areas 
for the tension members are obtained directly by dividing the various 
total stresses by the permissible unit-stress of i6,ooo lbs. per sq.in., 
as shown. Suitable angles are then selected, making due allowance 
for rivet holes. In members subject to small stress requiring rivets 
in one leg of the angles only, the area of one hole should be deducted 
from each angle; but, when angles are connected by both legs, it is 
advisable to allow for two holes in each angle. Angles requiring more 
than three or four rivets should, when practicable, be connected by 
both legs. In the example, |-in. rivets are used ; therefore, as explained 
in Art. 19, allowance should be made for J-in. holes. Tables of two 
angles, giving their gross and net areas, allowing for one and two holes 
in each angle, will be found of great assistance in this work. All 
members of the truss are composed of two angles each, and the mini- 
mum size used is 2jX2Xi ins. 
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In the end panel of the bottom chord, the stress is —28,500. Then 
28,500-7-16,000=1.78 sq.ins. required; and the section provided is as 
follows: 

Two angles 3 X 3 X i in. = 2 . 88 
Less two holes }X J in. =0.44 



Net area =2.44 sq.ins. 

This section is used throughout the bottom chord, for the sake of 
uniformity in appearance and to avoid changes in the rivet gauge 
lines, even though much smaller angles would be sufficient to with- 
stand the stress in the centre panel. 

In the long diagonal web-members which extend from the bottom 
chord to the apex of the rafters, the maximum stress is —14,200. Then 
14,200-^16,000=0.89 sq.ins. required; and the section provided is as 
follows: 

Two angles 2^X2^X1 in. = 2- 12 
T-.ess two holes }Xi in. =0.44 



Net area =1.68 sq.ins. 

In the principal compression members of the web system, which 
extend from the middle point of the rafters to the bottom chord, the 
maximum stress is +9,500, and their length is about 79 ins. Assuming 
2 angles 2JX2X J ins., with the longer legs back to back but separated 
sufficiently to straddle the connection plates, as shown, the least 
radius of gyration, which may be computed or taken from tables of 
radii of gyration found in the handbooks of the rolling mills, is found 

to be 0.78 in. Then the ratio — = -^ = 100, which, by Table I, 

r 0.78 ^ 

corresponds to a permissible unit-stress of 7,710 lbs. per sq.in.; and 
9,500-7-7,710=1.23 sq.ins. required. The sectional area of the two 
angles assumed, which is 2.12 sq.ins., is therefore ample. 

For the other web-members, which are subject to smaller stresses, 
two angles 2^X2X1 ins., are also used. The duty of the vertical 
member at the centre of the truss is merely to prevent excessive sag in 
the middle panel of the bottom chord. 

In the end panels of the rafters, the maximum stress is -1-30,600, 
and the length c. to c. of panel-points is 69 ins. Assuming 2 angles 
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3X3XA i^s., the least radius of gyration is found to be 0.92 in. Then 

— =—— = 75, which corresponds to a permissible unit stress of 9,140 
r 0.92 

lbs. per sq.in. ; and 30,6004-9,140 = 3.35 sq.ins. required. The area 
of the angles assumed, which is 3.56 sq.ins., is thus sufficient. The 
same section is used throughout the rafters. 

Purlins. The purlins, which are set normal to the plane .of the 
rafters, will be designed for a total load of 50 lbs. per sq.ft. of roof 
area supported. The span of the purlins=i5 ft., and their distance 
apart = 5.75 ft.; thus the load on each purlin = 15X5.75X50=43 10 lbs. 

The bending moment=^^^— ^ ^ = 8,080 ft.-lbs.= 96,960 in. -lbs.; and 

the section modulus required =96,960-^16,000=6.06. Turning to the 
tables of properties of standard channels given in the handbooks of 
the rolling mills, it will be found that a 7-in. channel, weighing 12.25 
lbs. per foot and having a section modulus of 6.9, is suitable. The 
reasons for using channels instead of I-beams in this case are because 
of the greater ease with which the former can be attached efficiently 
to the rafters, and also in order to permit of wooden nailing strips 
on their back for the roof planking. Owing to the inclination of the 
channels from the vertical, they are subject to lateral bending, which, 
however, is amply provided for by the solid planking of the roof. 

Details. In Fig. 62 are shown the details for one-half of a truss. 
The truss is provided with field joints, as shown, for convenience in 
shipment. The gusset-plates are all ^ in. thick; and the rivets used 
are \ in. in diameter, which is the largest size permissible in 2 J in. 
angles. The values of the shop-driven rivets are obtained in Table V; 
and of the field-driven rivets, in Table VI, Chapter V, Art. 19. Then 
in single shear a shop-driven rivet is good for 5,300 lbs., and a field- 
driven rivet, for 3,975 lbs.; in bearing on le-in. plate, a shop-driven 
rivet is worth 7,980 lbs., and a field-driven rivet, 5,910 lbs. 

At the ends of the truss, the stress in the bottom chord = — 28,500 
lbs., which, at 7,980 lbs. per rivet, = 4 rivets required. The stress in 
the rafters = +30,600 lbs., also recjuiring 4 rivets. Now, referring to 
Fig. 60, it will be seen that the reaction for the vertical loads= 13,800 
lbs.; and for the wind loads 4,600 lbs. The vertical component of 
the latter is obtained by multiplying by the cosine of 30°, thus: 4,600 
X 0.866 = 3,980 lbs. Then the total vertical reaction = 13,800 + 3,980 
= 17,780 lbs.; and, provided that the bottom edge of the gussct-plate 
does not bear perfectly on the shoe-plate, this force must be transmitted 
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through the 3iX3iXi ins. connection angles and the rivets therein. 
Consequently, the number of rivets required in the vertical legs of 
these angles = 17,780-^7,980 = 3. In the detail drawing, this number is 
largely exceeded; but, according to what is generally accepted as good 
practice, the rivets here should not be further apart than about 3 ins. 
Now, assuming that the walls are of common brick laid in lime mortar, 
the bearing pressiu^e on them should not exceed 100 lbs. per sq.in.; 
thus the area required in shoe-plates = 17,780-^100 = 178 sq.ins. The 
area of the plates used = 12X18 = 216 sq.ins. The bearing plates 
and their connection angles are made thick enough to distribute the 
load over the brickwork satisfactorily. The object of extending the 
gusset-plates above the rafters and below the bottom chord is to avoid 
concentrating the stresses from these members at the upper and lower 
edges of the said gusset-plates. 

At the apex of the truss, the members on one side of the centre 
line are shop- rivet ted, while those on the other side are field-ri vetted; 
therefore, since it is desirable to make the joint symmetrical, the value 
of a field-driven rivet should be used in determining the number 
required. The maximum stress in the rafters = -1-25,500, which, at 
5,910 lbs. per rivet = 5 rivets required. The maximum stress in the 
wel)-members connected at this point = — 14,200, requiring 3 rivets. 
As at the ends of the truss, the gusset-plate is extended above the 
rafters to avoid the concentration of stress in its upper edges. 

At the joint adjacent to the centre panel of the bottom chord, the 
stresses in members cidi and diei are each 9,500 lbs., requiring 2 rivets. 
In the bottom-chord member Kci, the stress = 23,800 lbs., and the 
value of the connection is as follows: 

Two shop rivets in bearing on^^-in. plate at 7,980 = 15,960 
Four field rivets in bearing on J-in. plate at 3,375 = 13,500 



29,460 lbs. 

In the bottom-chord member eiK, the stress= 14,300 r.)s., and the 
value of the connection is: 

Two field rivets in bearing on ^-in. plate at 5,910 = 11,820 
Four field rivets in bearing on J-in. plate at 3,375 = 13,500 

25,320 lbs. 
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It should be noted that the bearing value of a }-in. rivet on J -in. plate 
is less than its single shearing value. 

In the short members be, cci, ddi^ de^ the total stress is 4,700 lbs., 
requiring only one rivet; but at least two rivets should be used in every 
connection, no matter how small the stress. 

The thickness of the gusset-plates, at the ends of the truss and at 
the apex, has been determined in this example by the permissible 
bearing value of the rivets therein, and the total stresses in the members 
connected thereby, with the object of making these plates as small 
as practicable. The intermediate gusset-plates are made of the same 
thickness as the others in order to keep the rafters and bottom-chord 
of uniform width. 

Each purlin is connected to the rafters by two rivets: one throagh 
the web of the channel, and one through the bottom flange. The 
3X7-in. nailing strips are intended to be connected to the channels 
by J-in. bolts about 18 ins. apart. 

Lateral Bracing in the planes of the rafters should be provided 
in at least two panels of the building; and may consist of light angles 
or I -in. round rods, connected by gusset-plates attached to the hori- 
zontal legs of the rafters at or near the end purlins, the purlins at the 
middle-point of the rafters and at the apex. This lateral bracing is 
required principally during erection, and is of little or no use aftei the 
roof planking is laid. 



• CHAPTER VIII 

Thk Design of a Roof Truss Supportkd by Steel Columns 

The roof truss and supporting columns here considered are in- 
tended for an ordinary mill building, the principal data being as 
follows: 

Width, c. to c. of columns, 60 ft. 

Height from floor line to centre of bottom chord, 20 ft. 

Roof trusses, divided into 12 i)anels of 5 ft.; depth at ends 4 ft.; 

at first panel-point from ends, 5 ft.; at centre, 6 ft. 6 ins. 
Distance between trusses, 15 ft. 

Curtain walls between columns, of brick 12 ins. thick. 
Roof of solid timber construction 5 ins. thick, covered with 

tar and gravel. 

Loads for Roof Trusses. 

Dead-load: Trusses 5 

Roof planking. . 15 

Total 20 lbs. per sq.ft. of roof area. 

Live-loads: Snow 30 lbs. per sq ft. of roof area. 

Trolley 10,000 lbs., concentrated at any point of 

bottom chord. 

Wind-load 30 lbs. per sq.ft., acting on side of 

building. 

Panel-Loads. Both the dead- and snow-loads are assumed to 
be concentrated at the upper panel-points which are 5 ft. apart; thus 
the intermediate panel-points support an area of 15X5 = 75 sq.ft.; 
and the end panel-points, one-half of this amount. Then, for the dead- 
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load, the intermediate panel-point concentrations = 7 5 X 20 = i ,500 lbs. ; 
and the end panel-point concentrations =1,500X^=750 lbs. For the 
snow-load, the intermediate panel-point concentrations =75X30 = 2,250 
lbs.; and the end panel-point concentrations= 2,250X^=^1,1 25 lbs. 
These dead- and snow-load concentrations are shown in Fig. 63(a), 
the former being indicated by the letter J, and the latter, by the letter s. 

Wind Force. The wind force is assumed to act on the exposed 
wall area, as well as on the vertical projection of the sloping roof. Now, ^ 
since the total height of posts =24 ft., and the distance between them, 
longitudinally, = 1 5 f t., the wind-load on one post = 24 X 1 5 X 30 = 10,800 
lbs.; one-half of which, = 5,400 lbs., may be considered as concentrated 
at the top of the post. The other half of this load, which may be 
considered as concentrated at the base of the post, is neglected because 
it has no tendency to overturn the building. The height from the top 
of the posts to the top of the roof is about 3 ft.; thus the horizontal 
wind-load on one truss = 3X15X30 = 1,350 lbs. This will also be 
assumed to be concentrated at the top of the post; and the total hori- 
zontal wind force at this point becomes 5,400-1-1,350=6,750 lbs., which, 
to give round numbers, is taken at 6,800 lbs., as shown, being indicated 
by the letter w. 

TroUey-Load. The trolley-load of 10,000 lbs., to w^hich is added 
25 per cent in order to provide for the effect of impact and vibrations 
produced thereby, thus increasing it to 12,500 lbs., is assumed to be 
concentrated at any point of the bottom chord. 

Dead-Load Stresses. Since the truss and its loads are symmetrical 
it is only necessary to construct the stress-diagram for one-half of the 
frame; thus, in Fig. 63(6), the loads A to G, and one-half of the centre 
load GH, are laid off on the vertical load line to a convenient scale of 
pounds, as shown, the reaction at the left-hand end being Z7 . . . ZA . 
The stress-diagram is then proceeded with, beginning at the point 
where the post aA meets the members Bb and 6a, the stresses in these 
latter members being the only imknow-n forces. For this condition of 
loading there are no stresses in the vertical members yx, wv, «/, sr, qp, 
nor in the end panels of the bottom chord nO and Za. 

Snow-Load Stresses. For the snow-load, the conditions are 
exactly the same as for the dead-load. It is therefore unnecessary 
to construct a separate stress-diagram for this case, as the stresses may 
readily be determined by proportion from the dead-load stresses; or, 
since the snow-load concentrations are exactly 50 per cent greater 
than those of the dead-load, the stresses will also be 50 per cent greater. 
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Wind-Load Stresses. It is assumed that the posts are efficiently 
fixed at their base by anchor bolts or otherwise, so that the bending 
moment at this point, due to the application of a horizontal force to 
the truss, will be approximately equal but opposite to that at the point 
of connection to the bottom chord. Thus there will be a point of no 
moment, or of contraflexure, about midway between the lower extremity 
of each post and the point where it is fixed by the bottom chord. In 
Fig. 63(a) the points of contraflexure are indicated by small circles, 
located 10 ft. from the base of the columns, and the same distance 
from the bottom chord of the truss; and the plane passing through 
these points is called the plane of contraflexure. 

If the posts were hinged at their base, they would be incapable of 

resisting bending moments about these points; and the vertical reactions 

due to the horizontal wind force would be obtained by taking moments 

of this force about the lower (or free) ends of the posts, and dividing 

by their distance c. to c. But, since the posts are to be fixed at their 

base, they can rotate only at their points of contraflexure, which may 

be considered as hinged joints; and, therefore, to obtain the vertical 

reactions due to a horizontal force, moments of this force should be 

taken about the points of contraflexure (or hinges), and divided by 

the distance c. to c. of posts, as before. Now, the vertical height of 

the applied wind force of 6,800 lbs. above the plane of contraflexure 

= 14 ft., and the distance between the posts = 60 ft.; then the vertical 

6,800X14 ^ „ , . 11 1 

reactions= =1,587 lbs., the reaction at the leeward post 

being positive, and that at the windward post negative. 

It is further assumed that the horizontal wind force of 6,800 lbs,, 
which is applied at the top of the left-hand post, is resisted equally 
by both posts; thus the horizontal reactions at their base arc each 
equal to 6,800X^=3,400 lbs. Although this is the usual assumption, 
its correctness has been questioned by some authorities, who maintain 
that the horizontal reaction at the base of the leeward post is less than 
that at the base of the windward post, owing to the distortions of the 
truss members through which a portion of the applied load must pass. 
But the author believes that the assumption of equal horizontal reactions 
is as nearly correct as any other; for it has been determined experi- 
mentally that the suction on the leeward side of a building is as great, 
if not greater than the applied force on the windward side. It might 
therefore be more consistent to apply one-half of the wind force of 
6,800 lbs. to the top of each post instead of applying the whole of it 
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to the top of the windward post; but this would make little difference 
in the resulting stresses, and the general method adopted undoubtedly 
gives satisfactory and safe results. 

The reactions, at the points of contraflexure, for the wind force 
are indicated on the diagram, Fig. 63(a), by the letter r. The hori- 
zontal reactions at both posts act in the opposite direction to the 
applied force. The vertical reaction at the right-hand post acts up- 
wards, and that at the left-hand post, downwards. 

Now, as before stated, the bending moments at the base of the 
posts and at the point where they are fixed by the bottom chord of the 
truss are of the same magnitude but opposite in direction, being each 
equal to the horizontal shear or reaction at the points of contraflexure 
multiplied by its common distance from either of the fixed points 
mentioned. Thus the bending moment at the base of posts and at 
the bottom-chord connection = 3,400 X 10=34,000 ft.-lbs. The moment 
at the base is resisted principally by the anchor bolts, and will be 
considered later; while that at the bottom-chord connection is resisted 
by an induced horizontal force acting at the top of the post with a lever- 
arm of 4 ft. Therefore, the force required at the top of the post to 

o « 000 
resist the moment at the bottom-chord connection =^^-^ — =8,500 lbs. 

This force acts in the same direction as the horizontal reaction at the 
point of contraflexure, and must be balanced by an ecjual but opposite 
force acting in the direction of the applied wind force, as shown. At 
the bottom-chord connection there is a force equal to the sum of the 
two forces at the ends of the lever, viz., the reaction at the point of 
contraflexure and the induced force at the top =3,400 + 8,500 = 11,900 
lbs. This force acts in the opposite direction to the two forces which 
it balances, and must be resisted by an equal force at this ppint, acting 
towards the left, as shown. 

Having supplied the forces at the top of both posts and at the 
point of their connection with the bottom chord of the truss, which 
are required for equilibrium, the stress-diagram may now be proceeded 
with, as follows: In Fig. 63 (r), the external forces are taken in regular 
order in going around the roof truss in a clockwise direction, beginning 
wuth the force AB^ which consists of the wind load of 6,800 lbs., together 
with the force of 8,500 lbs. supplied to balance the internal stress induced 
by the bending action of the post. The next force 3/iV = 8,5oo lbs., 
which is applied at the top of the leeward post, acts in the same direction 
as AB. The force A^O is made up of two components: the horizontal 
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force of 11,900 lbs., which acts towards the left; and the vertical 
reaction of 1,587 lbs., which acts upwards. Finally, the diagram of 
external forces is closed by the force ZA, also made up of two com- 
ponents: the vertical reaction of 1,587 lbs., action downwards; and 
the horizontal force of 11,900 lbs., acting towards the left. 

Now, at the point where the left-hand post is connected to the bottom- 
chord of the truss, there are but two unknown forces: A a and aZ\ 
and these are obtained by drawing, from the points A and Z in the 
stress-diagram, lines parallel to the members Aa and aZ, which lines 
intersect in the point a. In going around this joint in the same direction 
as that in which the external forces have been laid oflF, and following 
the direction of the forces in the stress-diagram, it will be observed that 
Aa and aZ both act away from the joint, thus indicating tension in 
the corresponding members. 

The joint at the top of the left-hand post should be considered 
next, where there are now two known forces: a A and AB, and but 
two unknown forces: the stresses in members Bh and fta, which are 
obtained by drawing, from the points B . . . M and a in the stress- 
diagram, lines parallel to the members Bb and ba. The lengths of 
these two lines are determined by their intersection in the point b. 
Now, taking the members at this joint in regular order, as before, and 
following the direction of the corresponding forces in the stress-diagram, 
Bb and ba are both found to act towards the point considered, which 
indicates that these forces represent compression. 

At the upper end of the vertical member be there are now but two 
unknown forces. Then, from the point B . . . If in the stress-diagram, 
a line is drawn parallel to the member Cc; and, from the point b a 
line parallel to the member cbj which two lines intersect in the point 
c. Both Cc and cb represent compression. 

It will be unnecessary to give in detail the operation to be performed 
at each succeeding panel-point, as the work is all similar. The diagram 
must be constructed for the whole truss, because the stresses in the 
members at opposite ends are entirely different — both in magnitude 
and kind. Since for this condition of loading there are no external 
forces between B and M, these and the intermediate letters indicate a 
single point in the stress-diagram; and the same explanation applies 
to the letters O to Z. There being no wind-load stresses in the vertical 
members de, fgy hi, jk, pq, rs, tiiy vw, and xy^ these various pairs of 
letters also indicate but single points in the stress-diagram, as shown. 
If the diagram does not close exactly at first, it may be necessary to 
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go over it again, or to work backwards from the right-hand end of 
the truss until the figure closes. 

TroUey-Load Stresses. In order to obtain the maximum stresses 
in the various members of the truss due to the trolley-load, it is neces- 
sary to make a separate stress-diagram for this load when placed at 
each panel-point between the centre of the span and either end. Before 
constructing the stress-diagrams, however, the reactions for the load 
in its various positions must be calculated, thus: 

For load TUj reaction ZA =12,500X^2 = ^^250 lbs. 
'^ f/r, reaction Zi4 = 1 2,500 Xj^-= 7,290 ' 

Q 

Fir, reaction Zi4 = 1 2,500X12^= ^^330 * 

irA", reaction Z^ = 1 2,500 Xjiy= 9,375 * 

XY, reaction Z^ = 12,500X12 = io>42o ' 

YZj reaction ZA =12, 500 X [^ = 1 1 ,460 ' 



< t 



( i 



i i 



i I 



Diagram (d) Fig. 63, is for the load at the centre, viz., TU. This 
load is laid off downwards, and the reaction ZA, upwards. It 
should be noted that, since for these cases there are no loads applied 
to the upper panel-points, the capital letters B to A" on the truss diagram 
have no significance. At the upper end of the left-hand post there 
are but two unknown forces: the stresses in ^4^ and ba (or 6Z, since there 
is no stress in aZ). The two lines intersect in the point 6, and so 
determine the stresses Required. This diagram must be carried far 
enough to give the stresses in the centre members of the truss; and 
from it the maximum compression in gu is obtained, as well as the 
maximum tension in uU. 

Diagram (e), which is for the load UV, gives the maximum com- 
pression in Ff and Gg; also the maximum tension in if and gu. 

Diagram (/), which is for the load Fir, gives the maximum compres- 
sion in members ew and vf; also the maximum tension int^F and Ww. 

Diagram (g), which is for the load IFA", gives the maximum com- 
pression in Dd and Ee; also the maximum tension in xd and ew. 

Diagram (h), which is for the load XY, gives the maximum com- 
pression in Bb and Cc] also the maximum tension in ab and cy. 

Diagram (/), which is for the load YZ, gives the maximum compres- 
sion in Bb and Cc; also the maximum tension in ab and cy. 

In order to keep the diagrams (J) to (f) within convenient dimen- 
sions, they are constructed to a smaller scale than diagrams (b) and (c). 
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Combination of Stresses. Owing to the large number of stresses 
to be summarized, it would be found inconvenient to do so on a small 
diagram of the truss, for lack of available space; consequently, they 
will be arranged in the form of a table. Since the wind -load stresses 
in corresponding members at opposite ends of the truss are different 
in kind as well as in magnitude; and since, with the wind in the opposite 
direction to that assumed, the conditions will be reversed; therefore, 
the stresses obtained from the diagram for the right-hand end of the 
truss are applied to the corresponding members of the left-hand end, 
as well as the stresses attributed to these members, the object being 
to obtain the maximum compression and tension which can occur in 
ever)' member with any possible combination of the assumed loads. 



Table of Strkssks in Pounds 



Members. 



Aa 

fib 

Cc 

Dd and Ee . 
Ff and Gg . 
7 / and Uu . 
\ 'v and Ww 
Xx and Yy 

Za 

ah 

be 



cy 
xd. 



ew 

t/ 

gii 

de and fg.... 
fu, TTi'. and .TV 



Dead- Load. 



Q.OOO 

8.500 
18.300 
21.300 



400 

8.600 



3.400 



1.500 



20,800 
20.500 
14.400 

10,800 



5.700 

1,200 

800 



Snow-Load. 



-f 
13.S00 
12,900 
12,750 
27.450 
3».9SO 



600 
12.900 

5. J 00 
2.250 



31.200 
30,750 
21,600 

16,200 



8.550 

1.800 
1 ,200 



Wind -Load. 


Trolley-Load. 


Totals. 


+ 


_ 


+ 


^__ 


+ 


_ 


1,600 


1,600 


12,500 


.... 


36,600 




10,900 


5. 600 


13,000 


.... 


44.400 




10,700 


5. 500 


1 1,900 


.... 


43.85c 




6,700 


2,000 


25.300 


• • • • 


77.750 




3.400 


• • ■ ■ 


29.600 


• ■ • • 


86,350 




1,400 


• • ■ • 


.... 


29,200 


.... 


81,300 


4,000 


1,600 


.... 


28.500 


.... 


« 1.3 50 


7,100 


5.200 


.... 


20,300 


.... 


61,400 


1 1,900 


1 1,900 


.... 


■ ■ • • 


11,900 


I 1,900 


5,800 


4,000 


.... 


15.000 




46.000 


700 


1.300 


■ • • • 


1,400 


1,100 


3,300 


2,600 


3.100 


13,600 


3.500 


37.700 




2,800 


2,400 


4,100 


10.700 


X,300 


27.350 


2,200 


2,600 


9,100 


6. 500 


19,800 


5.700 


2,400 


3,100 


7.500 


7,300 


8,700 


12,300 


2,000 


3,200 


6,000 


8,900 


7,300 


13,100 


.... 


. • ■ • 


.... 


• « • • 


3,750 




1 


.... 


.... 


13, 500 


.... 


12,500 



As the dead-load acts at all times, it must be included in every 
combination. In the table the plus sign represents compression, and 
the minus sign tension. 

Bending Moments in Top Chord. Owing to the fact that the 
roof covering is supported direcdy by the top chord of the truss, instead 
of being applied to the panel-points by means of purlins, it induces 
bending moments in this member in addition to the direct or axial 
stresses which have already been computed; and these bending moments 
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must be taken into account in the determination of the section required. 
Now the length of one panel of the truss =5 ft.; the distance c. to c. 
of trusses = i5 ft.; and the total roof load, including snow but omitting 
the weight of the truss, =45 lbs. per sq.ft.; thus the load on one panel 
= 5X15X45 = 3,375 lbs. The conditions are similar to those for a 
beam fixed at both ends and uniformly loaded (Art. 14, Case VII); 
and the maximum moment, which is at the ends, is equal to § of that 
which would be obtained for a simple span of the same length. There- 
fore, the bending moment in any panel of the top chord 

^ 3^375X5 ^1^ ft.-lbs.==i6,8oo in.-lbs. 

8 3 

Bending Moments in Bottom Chord. For a concentrated load 
P at the middle point of a beam of length / simply supported at the 

PI 
ends, the bending moment (Art. 6)= — ; and, if the same beam were 

PI 
rigidly fixed at the ends, the bending moment would be equal to — . 

o 

(Art. 14, Case VI). The individual members of the bottom chord, 
however, are not free at the panel-points, neither are they absolutely 
fixed; for, unlike the top chord, the remaining panels are unloaded. 
Consequently, the bending moment at the middle point must be 
somewhere between these two extremes; and it may be proven that 

PI 
it is approximately equal to — . Therefore, the bending moment in 

any panel of the bottom chord 

i2,t:ooX«; ^ „ , « . « 

= ^ ^==11,400 ft.-lbs. = 136,800 m.-lbs. 

Proportioning of Parts. The total stresses, which have already 
been computed, as well as the sections provided are shown in Fig. 64. 
The sectional areas for the various members are determined as follows: 

Web Members. In member ah, the stress is —46,000; and 
46,000-7-16,000 = 2.88 sq.ins. required. The section used is composed of 

Two angles 4X3 X A in =4.18 

Less four holes JXl^ in =1.10 

Net area =3 -08 sq.ins. 
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These angles will be connected by both legs, and so allowance is made 
for two rivet holes in each angle, assuming J in. rivets and J in. holes, 
in accordance with Art. 19. 

In member be the stresses are +i,ioo and —2,300; and its length 
is 5 ft. or 60 ins. The minimum section thought advisable to use 
consists of 2 angles 2^X2X1 ins. = 2.12 sq.ins., with the 2^ in. legs 
back to back. The least radius of gyration is found to be 0.78 in.; 

thus — = — ^ = 77, corresponding, by Table I, to a permissible unit- 
r 0.70 

stress of 9,020 lbs. per sq.in. 



D ^ 



^^^;.^\r.ic^ chord. is»ooirirU 







jc 
o 

a. 



«y 



^bendlnq in post, 4(0,000 h-Jbi. 

Y 



2 - to' Cft. <^ 1 5 lb&. bending in bottom chord, [^sooin-lb^ 
X W V U 



o 
o 

<0 



Fig. 64. 



In member cy the stress is -1-37,700, and its length is 88 ins. Assum- 
ing 2 angles 4X3 X^ in. =4.18 .sq.ins.; least r = i.27 ins.: and 

- = =69, which corresponds to a permissible unit-stress of 9,490 

lbs. per sq.in. Thus the value of this member in compression = 
9,490X4-18=39,700 lbs. 

In member xd^ the stresses are -I-1200 and —27,350. Here the 
tensile stress, which is much the greater, naturally governs. Then, 
27,35o-m6,ooo = i.7i sq.ins. required. Section provided: 



Two angles 3 X 2^ X J ins. . 
Less four holes Jxi ins.. 



= 2.62 
=0.87 



Net area = ^ . 75 sq.ins. 



In member ew^ the stresses are -+-19,800 and —5,700 and its length 
=93 ins. Assuming 2 angles 3X2^x1 ins. = 2.62 sq.ins.; least 
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r=o.95 in.; and — = —— = 98, which corresponds to a perinissible unit- 
stress of 7,820 lbs. per sq.in. The value of this section in compression 
is, therefore, 7,820X2.62 = 20,500 lbs. 

In member t/, the stresses are +8,700 and —12,300, and its length 
=93 ins. Assuming 2 angles 2jX2Xi ins. = 2.12 sq.ins.; least 

r= 0.78 in.; and — = —^ = 119, corresponding to a j^ermissible unit- 
stress of 6,720 lbs. per sq.in. The value of this section in compression 
= 6,720X2.12 = 14,200. Its net area, aUowing for two holes = 1.68 
sq.ins.; thus its value in tension = 1.68X16,000 = 27,000 lbs. 

Two angles 2^X2X1 ins. are also used for the diagonal member 
gUy as well as for all of the verticals. 

Top Chord. In the top chord members F/ and Gg, the direct or 
axial stress is -1-86,250, and the bending moment at adjacent panel- 
points, 16,800 in. -lbs. This bending moment induces compression in 
the fibres below the neutral- axis; and the section employed must be 
such that the maximum intensity of compression at the extreme lower 
fibres, due to the combination of the direct and the bending stresses, 
shall not exceed 12,000 lbs. per sq.in. Assuming 2 angles 6X3iXi 
ins., with the longer legs vertical, their combined area =9.00 sq.ins., 
and their section modulus =8.46; then 

86,250-^9.00= 9,600 
16,800-7-8.46= 2,000 



Thus total stress on extreme lower fibres = 11,600 lbs. per sq.in. 

This section is used throughout, except in the end panels, to avoid 
unnecessary splicing. 

In the end member Bb, the direct stress is -1-44,400, and the bending 
as before, 16,800 in.-lbs. Assuming 2 angles 6X3iXf in., area =6.84 
sq.ins., and 5=6.50; then 

44,400-^-6.84=6,500 
1 6,800 -j- 6 . 50 = 2 ,600 



Thus total stress on extreme lower fibres =9,100 lbs. per sq.in. 

This section is somewhat heavier than is required, but is used 
because it conforms in general dimensions with that of th^ central 
portion of the top chord. 
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Bottom Chord. In the bottom chord, the maximum direct stress 
is —81,350, and the bending moment at the middle point of any panel, 
136,800 in.-lbs. For this case two channels should be employed, as 
they make a very suitable track for the trolley and are efficient in bend- 
ing. Their size must be such that the maximum fibre-stress shall not 
exceed 16,000 lbs. per sq.in. Assuming two channels, 10X2.6X0.24 
ins. at 15 lbs. per foot, their gross area (from Carnegie) =4.46X2 = 8.92 
sq.ins., and their moment of inertia = 66.9X2 = 133.8. Allowance must 
be made for two J-in. rivet holes in the web of each channel, spaced 
3 ins. above and below the centre line. The area of the holes to be 
deducted =4X^X0.24=0.84 sq.ins.; thus the net area of the channels 
=8.92—0.84 = 8.08 sq.ins. The moment of inertia of these holes 
about the neutral axis of the channels =0.84X3^ = 7. 6; so the net / 

for channels = 133.8 — 7.6 = 126.2; and, since 5 = — (Art. 11), their 

net section modulus = — -- =215.2. Then . 

5 ^ 

81 ,35o-^ 8.08 = 10,050 
i36,8cx)-r-25.2= 5,430 



Thus the total stress on extreme fibres = 15,480 lbs. per sq.in. 

Now it will be assumed that it is necessary to splice the bottom 
chord in the middle of panel A'^. Here the direct stress is —61,400, 
and the bending moment, 136,800 in.-lbs., as before. In addition to 
the rivet holes in the webs, one hole must be allowed for in each flange 
which, at the rivet line, is 0.42 in. thick. The area of the four holes 
=4X1X0.42 = 1.47 sq.ins., and the distance from the neutral axis 
of the channels to the centre of these holes = 5— 0.21 =4.79 ins. Thus 
the net area of the channels = 8.92 — (o.84-|-i.47)=6.6i sq.ins.; their 
net amount of inertia =66. 9X2 =133.8 

-0.^84X3^= 7-6 
-1.47X4-79^ = 33-7 - 41-3 



92.5 

02. c 
and their net section modulus = ^— ^ = 1 8. «: . Then 

5 
6l,400-^ 6.61 =9,300 
136,800-^18.5 = 7,400 



Thus the total stress on extreme fibres = 16,700 lbs. per sq.in. 
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This slightly exceeds the permissible unit-stress, but may be allowed 
to pass. 

Posts. The maximum load on the posts=36,6oo lbs.; and the 
bending moment at the bottom chord connection, as well as at the 
base, = 3400X10=34,000 ft. -lbs. =408,000 in. -lbs. Since the posts are 
supported laterally in their weak direction, 12,000 lbs. per sq.in. may 
be taicen as the permissible fibre-stress. Assuming two 12-in. channels 
at 25 lbs. per foot, their area=i4.7 sq.ins., and their section modulus 
=48. Then 



6,600-: 



408,0 



14.7 = 2.300 
48.0=8,500 



Thus the total stress on the extreme fibres= 



o lbs. per s< 



Anchorage for Posts. The bending moment at the base of each 
post, as determined above =408,000 in. -lbs., and Is resisted by the 
counter moments of the load on the post and of the pull on the wind- 
ward anchor bolt, acting with their individual lever arms about the 
centre of pressure on the foundation. Assuming a maximum per- 
missible intensity of bearing on concrete of 600 lbs. per sq.in., the 
total load in Fig. 65 is represented by the area of the shaded triangle 




multiplied by the width of the base plate, 



Anchorage for Posh 

Fic. 65. 

6oor^, 



=36ooar. The 

icting on the centre-line of the post is the dead-load re- 
action of the truss, minus the vertical wind-load reactiQifc=9,ooo— 1,600 



112 BRIDGE AND STRUCTURAL DESIGN 

= 7,400 lbs., as shown; and this load, plus the pull on the anchor bolt 
a, must be equal to the total load on the foundation; or 

7 ,400 -f fl = 3 ,6oo:r 
from which 

a=3,6oa)i; — 7,400 (i) 

Now the centre of pressure is ^x from the edge of the base-plate; thus 
the lever-arms of the forces which resist the overturning moment are 
equal to the distances of these forces form the leeward edge of the base- 

plate, minus ^x] or the lever-arm of the load 7,400 lbs. =9.5 ins. , 

X 

and that of the anchor bolt a = i'j.^ ins. . Then 

3 

7,40oU.5-^j-faf 17. 5--M =408,000 (2) 

If the value of a in equation (i) be inserted in etjuation (2), the latter 
becomes 

7,400(9.5--^ + (3,6ooA--7,40o)f 17.5-"^ j =408,000, 

from which 

— 1 20o:ic^ -h 63 jOOOA- = 4 6 7 , 200 

x^-S2-5x=-3^9 

.r=^^8.93 ins. 

Consecjuently a = (3,600X8.93) — 7,400^24,750 lbs. 

This result may be checked by taking moments, about the centre 
of pressure on the foundation (which is J.v = 2.q7 ins. from the edge 
of the base-plate) , of the load on the post and of the comj)uted tension 
on the anchor bolts, thus: 

7,40oX(9.5-2.97) = 48,300 
24,75oX (17- 5 -2-97) =359,600 



407,900 in.-lbs., 

which is the resisting moment, the slight discrepancy between it 
and the overturning moment being due to slight inaccuracies in the 
calculations. 



DESIGN OF A ROOF TRUSS SUPPORTED BY STEEL COLUMNS 113 

The anchor-bolts, which are of steel, may be stressed to i6,ooolbs. 
per sq.in. Then 24,750-^16,000=1.54 sq.ins. sectional area required. 
Round bars if ins. diameter are used, their net sectional area at the 
root of the thread being 1.75 sq.ins. 

Details. The details of one-half of a truss and supporting column 
are shown in Fig. 66. The connection or gusset plates are all J in. 
thick, and the rivets used are f in. diameter. From Table V, Art. 19, 
the value of a shop-driven rivet in single shear is found to be 5,300 lbs., 
and in bearing on J in. plate, 9,000 lbs. By Table VI, the value of a 
field-driven rivet in single shear =3,97 5 lbs., and in bearing on J in. 
plate = 6, 7 50 Ibs; 

Referring to Fig. 64, the stress in member ab is found to be —46,000; 
then 46,000-7-9000=5.1 rivets required in bearing on J in. plate. The 
detail drawing shows 6 rivets, four of which are in the main angles and 
two in the lock-angles. In member cy, the number of rivets required 
= 37,700-^9,000=4.2; whereas 5 rivets are used, two being in the 
lock-angles. In members xd and ew 3 rivets are used; and in each 
of the remaining members 2 rivets.- 

At the centre of the truss, the top-chord is spliced by two 6Xf in. 
plates on the vertical legs of the angles in addition to the J-in. gusset 
plate; thus the rivets are in full double shear. The horizontal legs 
of the angles are spliced by an 8Xi in. plate, the rivets being in single 
shear. Then the value of the rivets in this splice is as follows: 

8 rivets in double shear at 10,600=84,800 
10 rivets in single shear at 5.-300 = 53,000 



137,800 lbs. 

This is in excess of the direct stress in the adjacent panels, but it must 
be remembered that there is also a secondary bending moment to 
provide for. 

Bottom-Chord Splice. The bottom-chord is spliced at the 
centre of panel Xx, where the direct stress =—61,400 lbs., and the 
bending stress = 136,800 in. -lbs. Now the splice-plates must be of 
sufficient area so that the maximum stress on the extreme lower fibres 
of the bottom flange plate, due to the combined stresses, shall not 
exceed 16,000 lbs. per sq.in.; and the rivets must be so arranged that 
the stress on those in the bottom flange shall not exceed their permissible 
single shearing value. 
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In dealing with a problem of this nature, it is usually most con- 
venient first to design the splice and afterwards to investigate its ability 
to resist the applied forces. If found to be either too weak or too strong, 
it may then be re-designed and its value computed anew. 

In Fig. 67 is shown an enlarged detail of the splice, whch is com- 
posed of a vertical plate 10 Xi in. between the channels, and of two 
horizontal plates 6X| in. on the top and bottom flanges. Now the 
direct stress induces tension on all of the splice material; whereas 
the bending moment causes tension in the fibres below the neutral 
axis only, which tension attains its maximum intensity at the extreme 
bottom fibres of the flange splice, and must be added to that of the 
direct stress. Above the neutral axis, the bending moment tends to 
induce compression, and thus partially counteracts the direct tension. 




neutralaxh 










d 15 /ii. 




3" 

4 R'm\t 



Bottom Chord Splice. 



Fig. 67. 



In computing the net area of the splice-plates, three holes J in^ 
diameter will be deducted from the vertical plate, and two holes J in. 
diameter from each of the horizontal plates, thus: 



One plate 10 X J in. 
Two plates 6Xf in. 



Gross Area. Net Area. 

= 5.00 = 3.69 
= 4.50 = 3.19 



9.5osq.ins. 6.88sq.ins. 



To determine the net section modulus S of the splice-plates, their 
moment of inertia about the neutral axis is first computed, from which 
is deducted the moment of inertia of the rivet holes about the same 
axis; then this result is divided by the distance from the neutral axis 
to the outer fibres. 
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Net Moment of Inertia of Splice-Plates about Neutral Aocis. 

17 wi . 1 . T *^^^ 0.5X103 

For 10X4 in. plate, /= — =-^ = 41.7 

12 12 

For two 6 X| in. plates, 7 = 4.5 sq.ins.X5.182 =120.5 162.2 



For two holes 3 ins. from axis, 7=0.87 sq.ins.X32 = 7.8 

For four holes 5.18 ins. from axis, 7 = 1.31 sq.ins.X 5.182= ^^^ 43.0 



119. 2 



and 



7 119.2 
= — = — ^— = 22.2. 



yi 5-37 
Then 

61,400 lbs. -i-6.88= 8,940 lbs. per sq.in. uniform tension from 

direct stress. 
136,800 in.-lbs.-H 22.2= 6,160 lbs. per sq.in. on bottom fibres from 

bending; 

Total =15,100 lbs. per sq.in. on bottom fibres. 

The rivets in the splice may be treated similarly to the plates. Thus 
the load per rivet due to the direct stress is obtained by dividing this 
stress by the total number of rivets in one end of the splice, counting 
each rivet in the vertical plate as two since they are in double shear. 
There are 9X2 = 18 rivets in the vertical plate and 6 rivets in each of 
the two flange plates, making 30 in all. The maximum load per rivet 
due to bending is obtained by dividing the bending moment by the 
section modulus S of the rivets; and this section modulus of the rivets 
may be computed by calculating their moment of inertia about the 
neutral axis, and dividing by the distance from this axis to the outer 
rivets. In calculating the moment of inertia of the rivets, each rivet 
in the web splice is taken as two as before on account of their being 
in double shear. 

Moment of Inertia of Splice Rivets about the Neutral Axis, 

12 rivets X 3 ins.2=io8 
12 rivets X 5 ins.2=3oo 



408 



yi 5 
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Then 

61,400-7-30 = 2,050 lbs. per rivet from direct stress; 
136,800-7-81.6 = 1,680 lbs. per rivet in bottom flange from moment; 

Total =3,730 lbs. per rivet in bottom flange. 

This total load per rivet in the bottom flange splice is less than their 
single shearing value, viz., 5,300 lbs., and thus the splice is ol ample 
strength. 

On account of the trolley which is assumed to run on the bottom- 
chord channels, the rivets on the upper side of the lower flanges are 
countersunk, and the two lower rows in the web are flattened to J in 
high. The upper row of rivet heads will clear the trolley wheels. 

At the top of the main posts there is a vertical load on the connecting 
rivets of 36,600 lbs., as shown in Fig. 64. In addition to this vertical 
load, there is a horizontal force of 8,500 lbs. to be resisted, as shown in 
Fig. 63(a); which horizontal force, as already explained, is induced by 
the posts in resisting the bending moment at the bottom-chord con- 
nection, caused by the wind-load. Thus the resultant load on the 
rivets at the top of the posts may be represented by the hypothenuse 
of a right angle triangle whose vertical and horizontal sides are equal 
respectively to 36,600 lbs. and 8,500 lbs.; or, the total load on the 

rivets =v^36,6oo2-f 8,50a-' = 37,600 lbs. Since these are field-driven 
rivets, the number required = 3 7, 600 -^ 6,750 = 6, whereas the drawing 
shows 9. 

At the connections of the bottom-chord of the truss with the main 
posts, there is a horizontal load on the connecting rivets equal to the 
stress in member Za, viz., ±11,900 lbs., as shown in Fig. 64. When 
the trolley is at one end of the truss, there will also be a vertical load on 
the rivets of this connection equal to the trolley-load plus 25 per cent 
for impact = 12,500 lbs.; and the total load on the rivets will be equal to 

the resultant of these horizontal and vertical loads =V'i 1,900-^-^12,5002 
= 17,250 lbs. Then 17,250-5-6,750 = 2.56 field rivets required in bearing 
on the i in. connection-plate, whereas 3 rivets are provided. 

At the base of the main posts, the dimensions of the bearing plate 
have already been determined in connection with the calculations for 
the anchor-bolts. The brackets are designed to resist the maximum 
pull on these anchor-bolts, which was found to be 24,750 lbs.; then 
2_^j-o-r- 5,300=4.7 shop-driven rivets in single shear requred, whereas 
the drawing, Fig. 66, shows 8. The anchor-bolts are made long 
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enough to extend nearly to the bottom of the piers, and are provided 
with nuts at their upper and lower extremities. The 4Xf in. plate 
is principally useful during construction of the piers in helping to keep 
the anchor-bolts in their proper {X)sition. 

Stability of Piers. The piers must be designed to resist the 
overturning moment due to the wind force, as well as to support the 
direct load applied through the posts. The resistance to overturning 
depends upon the vertical and horizontal bearing values of the soil, 
and upon the weight of the piers together with the minimum load 
which they carry. The vertical friction of the soil on the sides of 
the piers, as well as a certain amount of lateral support contributed 
by the adjacent foundation walls, increase the resistance to overturn- 
ing. It is thus difficult, if not impossible, to determine with great 
accuracy the stability of the piers; but it is believed that the follow- 
ing investigation will lead to satisfactory and safe results. 

The dimensions of the trial pier are as follows: Height from 
bottom of pier to base of post, 6 ft.; length on top, 2.5 ft.; length 
on bottom, 4 ft. ; width throughout, 2 ft. ; as shown in Fig. 68. Thus 
the pier contains 39 cu.ft. of concrete, which, at 130 lbs. per cu.ft., 
weighs 5,070 lbs. The load on the post from the roof =9,000 lbs., 
and the uplift due to the wind force = 1,600 lbs. The pier also sup- 
ports a part of the 12-inch brick curtain wall, viz., 2X1X24=48 cu.ft., 
which, at 120 lbs. per cu.ft. = 5,760 lbs. Therefore, the minimum total 
load acting through the centre line of the pier is as follows: 

Pier H" 5j07o 

Roof -1-9,000 

Wind — 1 ,600 

Curtain wall + 5,760 

Total 18,230 lbs. 

as shown. The horizontal wind force of 3,400 lbs. is assumed to be 
applied to the post at the point of contraflexure, which is 10 ft. above 
the top of the pier. 

It is found that reasonably well packed soil is capable of resist- 
ing with safety a horizontal pressure of about 1,000 lbs. per sq.ft. for 
each foot below the surface of the ground; but this working pressure 
should not exceed 8,000 lbs. per sq.ft. The wind force of 3,400 lbs. 
tends to overturn the pier, thus bringing into action the horizontal 
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resistance of the soil. On the leeward side of the pier, this horizontal 
resistance acts in the opposite direction to that of the applied force, 
and increases from zero at the ground surface to a maximum at a 
certain distance below the surface; after which it decreases and again 
becomes zero at the elevation where the horizontal resistance on the 
windward side begins to acl. On the windward side of the pier, the 
horizontal resistance acts in the same direction as that of the applied 






Fic. e 



— Diagram showing Forces ai-iing on Pier. 



force, and increases from zero, at the elevation below the surface where 
the horizontal force on the leeward side ceases, to a maximum at the 
base of the pier, as shown. For equilibrium, it is necessary that the 
sum of the forces acting upon a body in one direction shall be equal 
to the sum of the forces acting upon it in the opjjosite direction; thus 
the horizontal resisiance of the soil on the leeward side of the pier 
must be equal to that on the windward side, plus the applied force 
of 3,400 lbs. 

Representing the vertical height of the pressure area on the wind- 
ward side by a, and the vertical height from the upper exti'emity of 
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this area to the point of maximum pressure on the leeward side, as 
well as the vertical height from this point to the ground surface, by 
b, the following equation may be written: 

a-{-2b = () (3) 

Since the base of the pier is 6 ft. below the ground surface, the 
permissible horizontal pressure at this point is 6,000 lbs. per sq.ft. 
On the leeward side, the point of maximum pressure is b ft. from 
the surface; thus the permissible horizontal pressure is here 6X1,000 
lbs. per sq.ft. Keeping in mind the fact that the pier is 2 ft. wide, 
another equation may be written, as follows: 

'- 1-3,400=2X1,00062, 

2 

which, when reduced, becomes 

300-1-17 = 1062 ^^j 

One of the unknown quantities a may be eliminated by multiplying 
equation (3) by 30 and subtracting from equation (4), thus 

3oa-|- 17 = 1062 
30(1—180= —606 



i97 = io62-|-6o6 
62-1-66 = 19.7 
(32 added to both sides) 62 + 66+32 = 19.7-^-32 = 28.7 

(sq. root of above) ^+3 = '^'^28.7 = ±5.357. 

Consequently ^ = 5-357-3 = 2.357 ft. 

and = 6 — 26 = 1.286 ft. 

_, ..,,., 2X6,000X1.286 

The pressure area on the wmdward siae= = 7^00 

lbs., and its centre of pressure is located \a from the base, =0.429 ft., 
^s shown. The pressure area on the leeward side =2X1,000X2.3572 
= 11,100 lbs., and its centre of pressure is 2.357 ft. from the top of 
the pier. Thus the horizontal resistance on the windward side plus 
the applied force = 7,700+3,400 = 11,100 lbs., which is the same as 
the horizontal resistance on the leeward side. The vertical distance 
between these two horizontal resistances =6 +Ja= 3.2 14 ft., and the 
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vertical distance from the applied force to the horizontal resistance 
on the leeward side = 10-1-6 = 12.357 ft. 

Now the moment of the wind force, about the point of the leeward 
horizontal resistance, is balanced by the moment of the windward 
horizontal resistance about the same {X)int, plus the moment of the 
minimum total load (which acts through the centre of the pier) about 
the centre of vertical pressure on the foundation. Representing 
the distance from the centre of the pier to the centre of vertical pressure 
on the foundation by x, these moments may be equated thus, ' 

i8,23oA;-[-(7,7ooX3-2I4)=3»40oXi2.375. 
from which 

:^:=o.955 ft. 

It only remains to find the maximum intensity of pressure on the 
leeward edge of the foundation. The distance from the centre of 
pressure to the edge of the pier is equal to one-half the length of the 
pier, minus jc, =2.0— 0.955 = 1.045 ft. Since the pressure area is a 
triangle, its base = 3X 1.045 =3.135 ^^-5 ^^^ i^ y represent the maxi- 
mum intensity of pressure per square foot at the edge of the pier, 
the pier being 2 ft. wide, then 

from which 

}' = 5,820 lbs. per sq.ft. 

The maximum vertical pressure per square foot on the foundation 
is considerably less than a hard clay or gravelly soil is capable of 
sustaining with safety, and thus the pier has ample stability. If 
additional stability were required, it might be obtained either by 
lengthening the base or by making the foundation deeper. 

The vertical friction of the soil on the sides of the pier, and the 
lateral support of the adjacent foundation walls have not been con- 
sidered in the above investigation, as these forces are somewhat 
indefinite: they may be counted on as additional factors of safety. 

Roof. The object of the steeper slope of the r^f at the sides 
of the building is to prevent the backing up of water due to the 
formation of ice at the eaves. The author has used this device on 
several buildings, and has found it to work very satisfactorily. 
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The roof planking is undoubtedly much thicker than necessary 
to cany with safety the assumed load of 45 lbs. per sq.ft.; but it has 
been found by experience that planking of less thickness than 5 ins., 
when used for a span of 15 ft., may deflect too much, and thus injure 
the roof covering. 

For solid timber roof construction generally, it is recommended that 
3-inch planking be used for all spans up to and including those of 
10 ft.; 4-inch planking for spans over 10 ft., but not exceeding 13 ft.; 
5-inch planking for spans over 13 ft., but not exceeding 16 ft. In 
cases where the roof trusses are a greater distance apart than 16 ft., 
it is usually advisable to employ longitudinal steel purlins, spaced not 
more than 13 ft. c. to c, and to lay the roof planking crosswise with 
the building. 



CHAPTER IX 

The Design of a Plate-girder 

Plate-girders are used principally for railway bridges, but are 
also employed very largely in warehouses and other buildings. Although 
in construction a plate-girder is comparatively simple, the stresses 
therein are somewhat complex; and there are many points in its design 
requiring careful attention, the greater number of which will be dealt 
with in the following example: 
Data for Design. 

Length, c. to c. of end bearings, 50 ft. 
Depth, back to back of flange angles, 5 ft. J in. 
Total load, including weight of girder, 5,000 lbs. per lin.ft., 
assumed to be applied to the top flange. 

Top flange to be supported laterally at intervals not exceeding 
twelve times its width. 

Ends of girder to rest on walls of Portland cement concrete, not 
less than 24 ins. thick. 

Unit-stresses as given in Art. 18, Chap. V. 
Rivets, I in. diameter. 
Thickness of Web-Plate. The web-plate must have a sectional 
area great enough to resist the maximum shear, and it must be thick 
enough to give suflScient bearing for the rivets in the flange angles 
and end stiffeners. Unless otherwise specified, the permissible unit 
shear for web-plates is usually understood to be on the gross area. In 
the present case it is 10,000 lbs. per sq.in. 

The maximum shear at either end of the girder is equal to — 



( 



e 000 X *^o 
.\rt. 6, Chapter 11)=-- ^ = 125,000 lbs., which is one-half of the 



total load. Then 125,000-7-10,000 = 12.5 sq.ins. sectional area required 
in web-plate to resist the vertical shear. Thus a 6oXA i^- vveb-plate, 
which has a sectional area of 18.75 sq.ins. (being of the minimum 
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thickness allowed in ordinary practice) will be used, provided it sub- 
sequently proves to be thick enough for rivet bearing. 

Flanges. The maximum bending moment, which is at the centre 

7#i72 ^ GOO y CO^ 

of the span, is given by the formula Ar=-T-(Art. 6)=^^ r— ^ — = 

8 8 

1,562,500 ft.-lbs.; and the flange stress at the centre is equal to this 

moment divided by the eflFective depth of the girder. 

The eflFective depth of a plate-girder is the distance c. to c. of 
gravity of the flanges; therefore it cannot be known exactly before 
the section of the flanges has been decided on. When the flanges are 
composed of two angles and cover-plates, it will usually be found 
that the effective depth is approximately equal to the depth back to 
back of angles; so this depth may be used in preliminary calculations 
to determine the flange section. The centre of gravity of the flanges 
can then be readily computed, and the correct eflFective depth thus 
obtained. If this eflFective depth is found to be appreciably less than 
the distance back to back of angles, the calculations should be cor- 
rected accordingly, but the eflFective depth of a plate-girder is never 
assumed to be greater than the distance back to back of flange angles. 

Bottom Flange. Returning to the example, the eflFective depth 
will be assumed as 5 ft. Then the flange stress at the centre of the 
girder= 1,562,500 ft.-lbs. -7-5=31 2,500 lbs.; and the net sectional area 
required for the bottom flange =3 12, 500-7- 16,000 = 19:53 sq.ins. 

It is frequently specified that the flanges of plate-girders shall have 
sufficient sectional area to resist the entire bending moment, taking 
no account of the bending resistance of the web-plate. But the more 
general and better practice at the present day is to make due allow- 
ance for this bending resistance of the web- plate as follows: 

It has been shown in Art. 7 that the section modulus 5 of a beam 
of rectangular cross-section 

hh^ hh. A. ^. 

in which 6= the breadth of the beam in inches; 
/t=the height of the beam in inches; 
A =hh—\ht sectional area of the beam in square inches. 

Now the web-plate is a rectangle, and, if allowance be made for 
vertical lines of rivet holes i in. in diameter and 4 ins. centre to centrCi 
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its net sectional area becomes three-fourths of its gross area; thus 
its net section modulus 

3 i4 , A, 

-^^''-s'' W 

For the flanges, the net section modulus may be represented by 

Fh, in which F = the net sectional area of one flange, in square inches, 

h=ihe distance centre to centre of gravity of flanges in 
ins. 

Then, since h is practically equal to the height of the web-plate, 
the total net section modulus of the girder 

=p'+Fli=(^^+l')h (3) 

That is to say, the total net section modulus is equal to one-eighth 
of the sectional area of the web-plate, plus the net sectional area of 
one flange, multiplied by the distance centre to centre of gravity of 
the flanges; or one-eighth of the gross sectional area of the web-plate 
may be considered as equivalent flange area for the tension flange. 

The sectional area of the angles should, when practicable, be 
equal to at least one-third of the total flange area; and it is desirable 
that the metal of the angles and of the several flange plates should be 
of nearly equal thicknesses. 

In determining the net sectional area of the flanges, the rivet holes 
should be assumed J in. larger than the diameter of the rivets before 
driving. In general, when there are rivet holes in both legs of an 
angle, or if there are two lines of holes in one leg, staggered 2 inches 
or less, two holes should be allowed for. If there is but a single line 
of rivet holes in one leg of an angle, or if there are two lines staggered 
more than 2 inches, then it is only necessary to allow for one hole. 

The sectional area required for the bottom flange at the centre of 
the girder, as already determined, =19. 53 sq.ins., which may be 
provided for as follows: 

One-eighth of 6oXA i^- web-plate = 2.34 

Two angles 6X4Xi in. =7.50 (4 holes iXi in.) 
One plate 13 Xi in. =5-5o (2 holes iXi in.) 

One plate 13XA in. =4.81 (2 holes iXA in.) 

20.15 sq.ins. net area. 
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In accordance with common practice, the thinner plate will be 
placed furthest from the angles. It will be found that the centre of 
gravity of this section is about 0.15 in. inside of the angles; but, since 
the distance back to back of flange angles is ^ in. greater than the 
height of the web-plate, the assumed effective depth is within the 
actual, and will thus be retained in the calculations. 

Lengths of Cover-Plates. In Art. 6, it has been shown that the 
bending moment at any poir.t of a beam supported at both ends and 
uniformly loaded may be represented by a parabola, having its vertex 
at the centre of the span, and its depth at this point (measured 
from the horizontal closing line) equal to the centre moment. Now, 
since the required flange area at any point is proportional to the 
moment at that point, a parabola may also be drawn so as to repre- 
sent the required areas, as follows: 

Fig. 69 (a) represents one-half of the girder, divided into equal 
panels of 5 ft., the panel-points being denoted by the letters a to /. 
Below the girder, in Fig. 69 (6), a semi-segment of a parabola is 
constructed with its base equal to one-half of the span, =25 ft.; and 
its depth at the centre, equal to the flange area provided at that point, 
= 20.15 sq.ins. The horizontal line a 0-/0 represents the base, which 
is divided into five equal parts by vertical lines through the panel- 
points of the girder. The vertical line a 0-5 at the end of the girder, 
which is equal to the vertical line / o-/ 5 at the centre, is made to 
represent by scale 20.15 sq.ins., and is divided into the same number 
of equal parts as the base, the points of division being denoted by 
the figures o to 5. From these points, lines are drawn to the point 
/ 5, which is the vertex of the parabola. Then the intersections of the 
verticals through the panel-points with the radial lines through the 
points o to 5 are points on the parabola. Thus, the intersection of 
the vertical through h with the radial line through i gives the point 
h I ; the intersection of the vertical through c with the radial line 
through 2 gives the point c 2 ; the intersection of the vertical through 
d with the radial line through 3 gives the point d 3 ; and the intersec- 
tion of the vertical through e with the radial line through 4 gives the 
point C4. Then the parabola passes through the points a o, hi, 
c 2, d ^, 6 4, and /5; and the flange area required at any point is 
equal to the ordinate, at that point, between the base line a o-f o 
and the parabola. 

The flange material is then superimposed on the parabola. The 
first rectangle, representing the equivalent flange area of the web- 
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plate, and the second rectangle, representing the net area of the two 
flange angles, extend the full length of the girder. The third rectangle, 
representing the net area of the i3Xiin. cover-plate, is required 
theoretically to the point where the parabola cuts the lower boundary 
of the second rectangle, its net length being Xi; and the fourth rec- 
tangle, representing the net area of the 13 X A in. cover-plate, is 
required theoretically to the point where the parabola cuts the lower 



u /. So c.focof bi 



hearings 



% 



;i^^^ 




; P/afe Girder: Diagram of Flange Makrial. 
Fig. 69. 

boundary of the third rectangle, its net length being X2^ Both of the 
cover-plates, however, are extended about one foot beyond the points 
to which they are theoretically required in order that enough rivets 
may be put into the ends of these plates to develop a portion of their 
value before they are actually required. 

Formula for Computing Lengths of Cover-Plates. If desired, 
the lengths of the cover-plates may be computed analytically by a 
formula based on one of the laws of the parabola, viz., that the ordinates, 
measured from a horizontal axis passing through the vertex, vary as 
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the squares of the corresponding abscissae, measured from a vertical 
axis passing through the same point. This formula may be derived 
as follows: 

Referring to Fig. 69 (b) : 

/= length of span, c. to c. of bearings; 

;c = theoretical length of any cover-plate; 

-4= total sectional area of flanges at centre of span, = maximum 

X I 
ordinate when — =— ; 

2 2 

a = ordinate to parabola at—. 

Then 

A a 



ar (f)" 



from which 

(4) 



-V? 



For the theoretical length xi of the 13 Xi in. cover-plate, / = 5o ft., 
i4 =20.15 sq.ins., and ai = (4.81 +5.50) = 10.31 sq.ins. ; thus 



xi = \ — ^ =35.8 ft. 

^ 20.15 ^^ 

For the theoretical length X2 of the 13 X A in. cover-plate, 02=4.81 
sq.ins; and 



^2 



= v =24.4 ft. 

^ 20.1 c 



Both of these calculations may be performed by a single setting 
of the slide rule. The i3Xiin. cover-plate should be about 38 ft. 
long, and the 13 X A in. cover plate about 26 ft., 6 ins. long, as shown. 

Top Flange. Having decided upon the section and lengths of 
cover-plates for the bottom flange, it is usually customary to make 
the top flange the same, except in rare cases, in which the top flange 
is unsupported laterally, when it may be figured as a column of a 
length equal to one-half of the span. In the example, the top flange 
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is assumed to be supported laterally at intervals not exceeding twelve 
times its width; consequently it is made like the bottom. 

Rivet Spacing in Flanges. The rivets connecting the web- 
plate to the flange angles are required to transmit the longitudinal 
shearing stresses (discussed in Art. 12) from the web-plate to the 
flanges. Considering any section of the girder, the longitudinal shear 
per lineal inch at the flanges may be assumed equal to the total vertical 
shear at the section divided by the effective depth, in inches; and the 
net amount of this shear to be transmitted by the rivets to the flanges 
is proportioned to 

Net area of one flange 
Net area of. one flange -I- J of web-plate section' 

for the total equivalent area of the flanges includes one-eighth of the 
sectional area of the w^eb-plate, as already demonstrated. 

When the load is applied directly to the top flange, as assumed 
in the example, the rivets in this flange are also called upon to transmit 
this load to the web-plate. Then the total stress per lineal inch to be 
resisted by the top flange rivets is equal to the resultant of the net 
longitudinal shear combined with the vertical load. 

The required pitch of the flange rivets will be found to increase 
gradually from the ends towards the centre of the girder; and, con- 
sequently, to be greater at one end of a panel than at the other. In 
the following computations, the rivet pitch is determined at the centre 
of each panel, which is the average pilch required for the whole \ 
panel. By this method the rivets at one end of a panel will be a 
little too far apart, and those at the other end a little too close 
together; whereas the total number of rivets in the panel will be 
correct; but there should be no objection to treating the subject in 
this manner, provided the panel lengths are not greater than the 
depth of the girder. Now the vertical shear at any section of the 
girder is equal to the end reaction, minus the load between this 
section and the nearer end (Art. 6); and the bearing value of one 
-^-inch rivet on the ^^^-inch web-plate (by Table \^, Art. 19) =^6,560 lbs. 
The rivet spacing in the flanges will now be computed. 

Rivet Spacing in Flanges for Panel ab. The vertical shear at 
the centre of the panel = i25,ooo— (5,000X2.5) = 112,500 lbs.; and, 
as shown in Fig. 69, the flange section here consists of but two 
6X4Xiin. angles, =7.5osq.ins. net area, plus J of the 60 X A ^^' 
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web-plate, =2.34 sq.ins.; while the effective depth of the girder is 
found to be 58.5 ins. 

Then, the longitudinal shear per linear inch at the centre of gravity 
of the flanges= 1 1 2,500-^58.5 = 1,925 lbs.; and the longitudinal stress 

per linear inch on the rivets = i ,92 5 X — — = i ,465 lbs. Therefore, 

7-50 + 2.34 

since the value of one rivet is 6,560 lbs., the required spacing for the 
bottom flange =6,560-7- 1,465=4.47 ins. 

On the top flange, the vertical load = 5,000 lbs. per lin.ft., =417 lbs. 
per lin.in. Consequently, the total stress per linear inch on the top 
flange rivets = \/i, 4652 -1-4172 = 1,520 lbs.; and the required spacing for 
this flange =6,560-^ 1,520=4.32 ins. 

Rivet Spacing in Flanges for Panel be. The vertical shear at 
the centre of the panel = 125,000— (5,000X7.5) =87,500 lbs.; the flange 
section consists of one 13 Xi in. plate = 5.50 sq.ins., net area, plus two 
6X4Xi in. angles, =7.50 sq.ins. net area, plus one-eighth of the 
6oXA ii^- web-plate, =2.34 sq.ins. ; and the effective depth becomes 
59.5 ins. 

Then the longitudinal shear per linear inch at the centre of gravity 
of the flanges=87,5oo-j- 59.5 = 1,470 lbs.; and the longitudinal stress 

per linear inch on the rivets = 1, 470 X — —- = 1,241: lbs. 

5-50+7-50 + 2.34 

Thus the required spacing for the bottom flange=6,56o-r- 1,245 = 5.26 
ins. 

The total stress per linear inch on the top flange rivets 



= Vi, 2452-1-4172 = 1,315 lbs.; 

and the required spacing = 6,560^-1,31 5 = 5 ins. 

Rivet Spacing in Flanges for Panel cd. The vertical shear at 
the centre of the panel = i25,ooo— (5,000X12. 5) =62,500 lbs.; the 
flange section is the same as for panel be; and the effective depth is 
also the same. 

Then the longitudinal shear per linear inch at the centre of gravity 
of the flanges=62,5oo-7- 59.5 = 1,050 lbs.; the longitudinal stress per 

linear inch on the rivets = 1, 050 X — -'t = 800 lbs.; and the 

5-50+7-50 + 2.34 ^ 

required spacing for the bottom flange =6,560-7- 890 = 7.38 ins. 

The total stress per linear inch on the top flange rivets = 
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^890^+4172=980 lbs.; and the required spacing =6, 560-5- 980 =6.70 
inches. 

It is unnecessary to proceed further, as the maximum spacing 
should not exceed 6 ins. In order to simplify shop-work, it is usually 
customary to make the rivet spacing in the top and bottom flanges 
alike. Consequently the pitch of the rivets in the vertical legs of 
the flange angles will be made 4 ins. from a to 6, 5 ins. from b to c, 
and 6 ins. from c to /, as shown in Fig. 74. Since the minimum 
required spacing is greater than 3 ins., the w^eb-plate is of ample 
thickness. 

Rivet Spacing in Cover-Plates. The first cover-plate requires 
a sufficient number of rivets between its end and the end of the second 
cover-plate to develop its full value in this distance; and the value of 
the second, or outer, cover-plate must likewise be developed between 
its end and the centre of the span. Now the tension value of the 
first cover-plate is equal to its net sectional area multiplied by the 
permissible stress per sq.in. = 5.50X16,000=88,000 lbs.; the value of 
one l^-inch rivet in single shear (by Table V) =7,220 lbs.; and the 
distance between the ends of the first and second cover-plates =5 ft. 
9 ins. = 69 ins. Then, the number of rivets required in this distance 
=88,ooo-v- 7,220= 12; and, since there are two lines of rivets in the 
plate, the required spacing=?69-j-^ = iii ins. But practical con- 
siderations require that this spacing should not exceed 6 ins., and thus 
it will be made to stagger with the rivet pitch in the vertical legs of 
the angles. 

Web Splice. When specified that the flanges shall be assumed 

to resist the total bending mo- 
ment, and the web-plate, to 
resist shear only, it is usually 
customary to design the web 
splice to sustain the maximum 
vertical shear at tHe section, 
using a pair of splice plates 
of height equal to the clear dis- 
tance between the flange angles, 
and wide enough to contain 
two lines of rivets each side 
of the joint, the vertical spacing 
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on a single line not exceeding 6 ins., as shown in Fig. 70. 

Assuming that the web-plate is to be spliced at panel-point d, 
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which is distant 15 ft. from the nearer end support, the vertical 
shear=i25,ooo— (5,000X1 5) =50,000 lbs.; and, since the bearing 
value of a J-inch rivet on a i|^-inch plate =6,560 lbs., the number of rivets 
required to resist this vertical shear= 50,000-^-6,560=8, whereas seven- 
teen rivets are provided. But this splice is unsatisfactory, for the 
web-flate must take its due proportion of the bending stresses, not- 
withstanding any assumptions to the contrary; and, if the splice be 
not as efficient as the web-plate, it is obvious that it will be over- 
stressed. 

When the more correct assumption is made, viz., that one-eighth 
of the sectional area of the web-plate is equivalent to so much flange 
area, it is customary to design the splice so that its resistance to 
bending will be equal to that of the web-plate. This may be accom- 
plished (more or less eflFectually) in various ways, as follows: 

Fig. 71 illustrates a form of web splice used by some engiL.eers, in 
which the horizontal plates adjacent to the flange angles are usually 
assumed to resist the bending 
moment, and the vertical plates, 
the shear. 

Now the bending value of 
the web-plate is equal to one- 
eighth of its sectional area, 
multiplied by its height and 
by the permissible maximum 
fibre stress, = 2.34X60 X 16,000= 
2,246,200 in.-lbs.; and the hori- 
zontal splice plates, as well as 
the rivets therein, are to be pro- 
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Fig. 71. 



portioned so that their resisting moment will be equal to or greater 
than this bending value. Since the bending stresses in a girder increase 
uniformly from zero at the neutral axis to a maximum at the outer 
fibres, the bending stress per square inch at any point is equal to that 
at the outer fibres, multiplied by the distance from the neutral axis 
to this point, and divided by one-half of the height of the girder. 
Assuming the horizontal splice-plates to be 8 ins. wide, the distance 
from the neutral axis to their centre line is 22 ins., as shown; and 
the permissible unit-stress at this point = 16,000X30 = 11,740 lbs. per 
sq.in. Then the net area of the upper and lower plates, multiplied 
by this unit-stress, and by the distance from the neutral axis to the 
centre of these plates, must be equal to the bending value of the 
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web-plate; or, representing the net area* required in one pair of splice- 
plates by A, 

2^4X11,740X22 = 2,246,400 in.-lbs., 
from which 

A =4.35 sq.ins. 

The net area of the two 8Xf in. plates used (allowing for two one-inch 
holes in each) =4.50 sq.ins. 

The value of a rivet in resisting the bending moment attributed 
to the web-plate may also be considered to. increase uniformly from 
zero at the neutral axis to a maximum at the top or bottom of the 
girder. Then, if 6,560 lbs. (the permissible bearing value of a J-inch 
rivet on a ^-inch plate) be the value of a rivet at a distance of 30 ins. 
from the neutral axis, its value at the centre of the horizontal splice- 
plates (22 ins. from this axis) will be equal to 6,560X30=4,810 lbs.; 
and the number of rivets in the upper and lower plates, multiplied 
by this value, and by the distance from the neutral axis to the centre 
of gravity of the rivets, must be equal to the bending value of the 
web-plate; or, representing the number of rivets required in one 
pair of splice-plates by n, 



from which 



2»X4,8ioX 22 = 2,246,400 in.-lbs., 



» = io.6 rivets, 



whereas twelve rivets are used. 
This splice may be efficient. 
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but it is not to be recommended; as 
it concentrates the greater part of 
T the bending stress in the web-plate 
; at two points, thereby inducing 
5 unknown internal stresses; besides 
s which, it is awkward and unecono- 
mical. 

Another form of web splice 
used is shown in Fig. 72. In this 
the vertical splice-plates are as- 
sumed to resist bending moment to 
the value of the rivets therein ; and 
the balance of the bending moment 
is supposed to be resisted by the flats on the vertical legs of the angles. 
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Now the value of a rivet in resisting bending moment at a distance 
of one inch from the neutral axis=6j56o-T-3o = 2i9 lbs.; thus the 
value of a rivet at any point between the neutral axis and the top or 
bottom of the girder will be equal to 219 lbs. multiplied by the distance, 
in inches, of the rivet from the axis; and the resisting moment of the 
rivet will be equal to 219 lbs. multiplied by the square of this distance. 
Therefore, the total moment of resistance of the rivets in the vertical 
splice-plates will be equal to the summation of the squares of their 
several distances from the neutral axis, multiplied by the value of a 
rivet at a distance of one inch from the axis. 

Since the net equivalent flange area of the web-plate is based on 
a minimum vertical rivet spacing of 4 ins., this pitch is used in the 
design of the splice, as shown; and the moment of resistance of one 
vertical row of rivets is as follows: 



42= 


16 


82- 


64 


122 = 


144 


i62 = 


256 


202- 


4CXD 


242- 


576 



1,456X2X219 = 638,000 in.-lbs. 

Consequently, since there are two vertical rows of rivets on either 
side of the joint, their total mortient of resistance = 638,000 X 2 = i ,2 76,000 
in.-lbs.; and the difference between this and the bending value of the 
web-plate (2,246,400 — 1,276,000=970,400 in.-lbs.) must be resisted by 
the splice-bars on the vertical legs of the flange angles. 

Now the permissible unit-stress at the centre line of these splice- 
bars = 16,000X35 = 14,940 lbs. per sq.in. ; then, if i4=the net area of 
one pair of bars, 

2i4X 14,940X28 =970,400 in.-lbs., 
from which 

^4=1.58 sq.ins.; 

and the net area of the two 3iX| in. splice-bars used = 1.87 sq.ins. 

The value of one rivet in these bars =6, 560X30 = 6, 120 lbs.; then, 
if «=the number of rivets required in one pair of bars, 

2»X6,i2oX 28=970,400 in.-lbs., 
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from which 



n=3 rivets. 
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But the rivets in these bars are also required to transmit longi- 
tudinal shear; and, when the load is applied directly to the flange, 
the rivets therein are further called upon to transmit this load to the 
web-plate. Thus it is necessary to increase the number of rivets 
as obtained above; consequently the drawing shows six. 

This splice is not altogether satisfactory; as the bars on the 
vertical legs of the flange angles are of doubtful utility, and they are 
evidently incapable of transmitting the diagonal stresses of com- 
pression and tension mentioned in Art. 12, Chap. II. 

A better form of web splice, which is shown in Fig. 73, consists of 
a pair of plates of a height equal to the clear distance between the 

flange angles, and wide enough to- 
contain a sufficient number of rivets, 
uniformly spaced, to resist the 
entire bending moment attributable 
to the web-plate. 

It has been shown in the ex- 
ample, illustrated by Fig. 72, that 
the moment of resistance of a 
single vertical row of rivets = 
638,000 in.-lbs.; therefore, since 
the bending value of the web- 
plate =2, 246,400 in.-lbs., the num- 
ber of rows required to equal this value = 2,246,400-^-638,000=3.5. 
The drawing shows four vertical rows of rivets each side of the 
joint, thus requiring splice-plates 24 ins. wide. 

Now the outer fibre stress for the splice-plates, which are 52 ins. 
high, =16,000X^0 = 13,860 lbs. per sq.in.; and the thickness of these 
plates must be such that their moment of resistance, with this maxi- 
mum fibre stress, will be equal to or greater than the moment of 
resistance of the web-plate, viz., 2,246,400 in.-lbs. Then, assuming 
two 52 X A in. splice-plates, their area=32.5 sq.ins., and their net 
moment of resistance 
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Consequently, the splice-plates are of ample thickness. 
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The most satisfactory form of web-splice is that shown in Fig. 74, 
in which a pair of plates are used, wide enough to permit of three 
vertical rows of rivets, 4 ins. pitch, each side of the joint, and of the 
full height of the web-plate. These plates are crimped or offset at 
the ends to fit over the vertical legs of the flange angles. Thus the 
web-plate is fully spliced at every point, and is capable of resisting 
all longitudinal and diagonal stresses of tension and compression in 
exactly the same manner as though it were uncut. 

Flange Splice. When practicable, the flange material should be 
ordered in full lengths, as splices are objectionable, particularly in the 
angles. For the purpose of illustration, however, one flange angle is 
spliced 2 ft. either side of the centre, and the first cover-plate, at the 
centre, as shown in Fig. 74. 

Now the net sectional area of one 6X4Xi in. angle =3.75 sq.ins., 
and that of one siXsiXf in. splice angle =3.98 sq.ins. The value 
of the flange angle in tension =3.75X16,000=60,000 lbs., and the 
value of one |-inch rivet in single shear= 7,220 lbs.; then 6o,ooo-i- 
7,220=8.3 rivets required in either end of the splice angle. These 
rivets should be disposed between the two legs of the splice angle 
in proportion to their widths — or six in the 5J-inch leg and three in 
the 3i-inch leg; but, for convenience, five rivets are used in the latter, 
as shown. The 5^X3^ in. splice angles are made from 6X3^ in. 
angles by planing off the longer leg and rounding the back to fit the 
fillet of the flange angles. 

The net area of the i3Xiin. cover-plate = 5.50 sq.ins., and its 
value in tension = 5. 50X1 6,000 = 88,000, lbs. The splice-plate is of 
the same dimensions as this cover-plate, and the number of ^-inch 
rivets in single shear required =88,ooo-^ 7,220 = 12.2. But, since this 
splice-plate is separated from the plates to be spliced by the inter- 
vening 13 X A in. cover- plate, the rivets are less effective than they 
would be if the splice-plate and the plates to be spliced were in direct 
contact. Thus the specification of the American Railway Engineer- 
ing and Maintenance of Way Association requires in such cases that 
the number of rivets shall be increased one-third for each intervening 
plate. By this rule, the number of rivets in each end of the splice- 
plate should be 12.2X14 = 16.3; whereas the drawing shows twenty 
rivets. 

End Stiffeners and Bearing Plates. The end stiffeners, which 
act as columns, receive their load from the web-plate and transmit it 
to the bearing plates. The maximum end shear, as already computed, 
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= i2S,cxx3 lbs.; dnd, since the ratio of the length of the end stiflFeners 
to their radius of gyration is small, the compression unit-stress of 
12,000 lbs. per sq.in. may be used without reduction; thus, 125,000— 
12,000 = 10.42 sd.ins. required. Two pairs of 5X3iXjin. angles are 
used, their total sectional area being equal to 12.20 sq.ins., and, 
between these angles and the web plate, 3iXi in. fillers are employed 
to avoid crimping. These stiffeners should be placed as show^n in 
Fig. 74, and ground or milled to fit perfectly against the bottom flange 
angles; while the number of rivets required therein is equal to the 
end shear divided by the bearing value of one J-inch rivet on the 
^-inch web plate, =125,000-^6,560=19. The size of the bearing 
plates is determined by dividing the reaction or end shear by the 
permissible bearing value of concrete. Thus 125,000-5-400=312.5 
sq.ins. required, whereas the area of the plates provided, w^hich are 
i8Xi8Xi in., =324 sq.ins. 

Intermediate Stiffeners. In the case of a heavy concentrated 
load at any intermediate point of a plate-girder, stiflFeners should be 
provided and proportioned in the same manner as those at the ends, 
the object of these stiffeners being to transmit this toad to the web- 
plate. Otherwise the intermediate stiffeners are simply to prevent 
the web-plate from buckling, and they are usually spaced about as 
far apart as the depth of the girder. There is no scientific method of 
proportioning them; but the following rule, taken from the speci- 
fication of the American Railway Engineering and Maintenance of 
Way Association, will be found to give satisfactory results, viz.: The 
width of the outstanding legs of intermediate stiffeners should be 
equal to one-thirtieth of the depth of the girder, plus 2 ins. Thus, 
for the present example, the depth of the web-plate = 60 ins. ; and 
g^-|-2=4ins. The stiffeners used consist of 4X3X^111. angles, 
crimped at the ends to fit over the flange angles. 
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CHAPTER X 

The Design of a 50-foot Through Warren Girder Highway 

Bridge 

Tins type of bridge is particulariy suitable for spans of from 
25 to 75 ft. The top chords, which are not directly braced in a 
horizontal plane, depend upon the rigidly-connected floorbeams for 
lateral support; and thus it is advisable to use comparatively short 
panels. The structure considered in this chapter is intended for 
service on an ordinary country road, and will be designed in accord- 
ance with the following data: 

Length, c. to c. of bearings, 50 ft., =4 panels of 12 ft. 6. ins. 

Depth, c. to c. of chords, 6 ft. 

Length of diagonal web-members=v 6^4- 6.25^=8.67 ft. 

Width, c. to c. of trusses, 17 ft. 

Roadway, 16 ft. clear. 

Floor planking, spruce or pine, 3 ins. thick. 

Stringers, spruce or pine, 3X12 ins., about 2 ft. apart. 

Wheel-guards, spruce or pine, 4X6 ins. 

Hub-plank, spruce or pine, 2X10 ins. 

Dead-load: Wood 250 

Steel 200 

Total 450 lbs. per lin.ft. of bridge. 

Live-load for trusses, 75 lbs. per sq.ft. of roadway, =1,200 lbs. 

per lin.ft. of bridge. 
Live-load for stringers and floorbeams, 100 lbs. per sq.ft. 

Impact = ^—, as given in Art. 17, Chap. V. 

^ 2 max. ^ 

Horizontal force for proportioning laterals, 450 lbs. per lin.ft 

Unit-stresses, as given in Art. 18, Chap. V. 

Rivets, i in. diameter. 
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Stringers. The span of the stringers is 12 ft. 6 ins., and they are 
assumed to be 2 ft. apart c. to c. The dead-load on one stringer 
consists of its own weight as well as that of the floor planking sup- 
ported thereby. Then, if the size of the stringer be assumed 3X12 
Ins., the dead-load may be computed as follows: 

Stringer, 3X12 ins., 12 ft. 6 ins. long =37.5 

Floor planking, 3X24 ins., 12 ft. 6 ins. long =75.0 

1 1 2.5 ft. b.m. 
which, at 3 lbs. per ft. b.m., =337 lbs. 

The live-load on one stringer= 2X12.5X100= 2,500 lbs. Then, 
Moments: Dead-load = 337_^^ ^ ^^^ 

o 

2,500X12.5 

Live-load: = —^ — =3,910 

o 
^,QIo2 

Impact ^ ^ " r = 1,720 

2(530+3,910) -^— 

6,160 ft.-lbs. = 73,920 in.-lbs. 

The permissible unit-stress for bending =1,200 lbs. per sq.in.; thus 

M Tt 020 
the section modulus 5 required =—r = ^-^^^ — =61.6; and therefore the 

/ 1,200 

assumed size of stringer (3X12 ins.) is suitable, for its S = — = 

-6 72. 

Dead-Load for Bridge. The weight of timber per lineal foot 
of bridge will now be computed, as follows: 

Floor planking, 3 ins. X 16 ft. =48 
Nine stringers 3X12 ins. =27 

Two wheel-guards, 4X6 ins. = 4 
Two hub planks, 2 X 10 ins. = 4 

83 ft. b.m. at 3 lbs. = 249 lbs. 

For round numbers, this timber construction is assumed to weigh 
250 lbs. per lin.ft. 
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The approximate weight of steel per lineal foot of bridge will be 
determined by the formula given in Art. 17, Chap. V, in which L= 
length of span in feet; thus, 

Weight of steel=2iL-f 75 = (2jX5o)+75 = 20o lbs. per lin.ft. 

Floorbeams. The span used in computing the moments is the 
distance c. to c. of trusses, = 17 ft. The dead-load consists of the 
weight of the beam itself, assumed to be 42 lbs. per ft. evenly dis- 
tributed, plus the weight of the timber floor, which covers the central 
16 ft. only, and is equal to 250X12.5=3,100 lbs. The live-load is 
also distributed over the central 16 ft, and is equal to 16X12.5X100 
~ 20,000 lbs. 

17 
End shear: Dead-load =42X-^== 3 50 

20,000 

Live-load == = 10,000 

2 

- , lo.ooo^ 

Impact =-; ; -= 4,200 

2(1,9004-10,000) 

16,100 lbs. 

The moment due to the weight of the beam is obtained by the 

formula, 3/ =-t-; but that due to the weight of the floor, as well as 

the live-load, is equal to the end reaction thereof, multiplied by its 
distance from the centre of the span, minus the portion of the load 
on one side of the centre multiplied by the distance of its centre of 
gravity from the centre of the span; thus, 

Moments: Dead-load = ^^ — -— ^ =1^500 

+ i,55oX (8.5-4) =6,975 8,475 

Live-load =io,cooX (8.5 — 4) == 45,000 

T . 4«:,oo-2 

Impact — ^^ =. 18,925 

2(8,475+45.000) ^ 

72,400 ft. -lbs. 

Then, 72,400X12 = 868,800 in. -lbs.: and 5 = ^= -^^^ = C4.:5. 

/ i6,coo ^ ^ 

A 15-inch I-beam at 42 lbs. will be used. Its 5 = 58.9. 
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Dead-Load Stresses in Trusses. In deterinining the stresses in 
the various members of the trusses, the total dead-load of 450 lbs. 
per lin.ft. cf bridge is assumed to be concentrated at the lower panel- 
points. The panel dead-load for one truss is equal to one-half of 
the total dead-load per linear foot, multiplied by the length of one 
panel. At each of the panel-points f, e, and gy there is a full panel 
load; while at panel -points a and i the concentrations are each equal 
to one-half of a panel load; but these latter concentrations, which 
are supported directly by the masonry, do not affect the stresses in the 
trusses, and may thus be neglected. 

Since the truss and its loads are symmetrical, the reaction at 
either end is equal to one-half of the total load — or one and one-half 
panel loads. 

The shear in any panel is equal to the end reaction, minus any 
loads between this end and the panel considered; and the stress in 
any web-member situated in this panel is equal to the shear, mul- 
tiplied by the length of the member, and divided by the depth of the 
truss. 

The shear in panel ac is equal to the reaction at a; and the stresses 
in members aB and Bc^ which lie in this panel, are equal to one 
another but are of opposite kind. Thus the stress in aB is com- 
pression, while that in Be is tension. 

The shear in panel ce is equal to the reaction at a, minus the 
load at c; and the stresses in members cD and De are also equal to 
one another but of opposite kind. 

The bending moment at any panel-point of the top or bottom 
chord is equal to the algebraic sum of the moments, about this point, 
of the external vertical forces on either side thereof; and the stress 
in the opposite chord section is equal to this bending moment, divided 
by the depth of the truss. 

For the stress in the bottom chord member aCj moments are taken 
about panel-point B. Now the only external force on the left of this 
point is the reaction at a; thus the bending moment at B is equal 
to the reaction at a, multiplied by its horizontal distance from B. 

For the stress in the top chord member BDj moments are taken 
about panel-ix)int c. The only external force on the left of this point 
is the reaction at a; thus the bending moment at c is equal to the 
reaction at a, multiplied by its horizontal distance from c. 

For the stress in the bottom chord member ce^ moments are taken 
about panel-point D. The external forces on the left of this point 
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are the reaction at a and the load at r; thus the bending moment 
at D is equal to the reaction at a, multiplied by its horizontal distance 
from D, minus the load at r, multiplied by its horizontal distance 
from D. 

For the stress in the top chord member DFy moments are taken 
about panel-point e. The external forces on the left of this point 
are the reaction at a and the load at r; thus the bending moment 
at e is equal to the reaction at a, multiplied by its horizontal distance 
from e, minus the load at c, multiplied by its horizontal distance 
from e. 

With the above explanation, the following table of stresses should 
be readily understood: 



Tabli: of Di: ad-load Stresses 



1 "o 
Panel dead-load for one truss = —^ X12.5 



Reaction at a 
Shear in panel 



= 2,8ooXii 

ac= 4,200—0 

ce= 4,200—2,800 

Moment at panel-point B= 4,200X6.25 

c= 4,200X12.5 



i i 



I i 



( ( 



( i 



1 1 



( ( 



1 ( 



i i 



Stress in diagonal aB= 4,200 X 



jD = (4,200X 18.75) - (2,800X6.25) 
^= (4,200X25) — (2,800 X 12.5) 
8.67 



( t 



i < 



( t 



i ( 



i I 



i I 



Bc= 4,20oX -.— 

o 

8.67 

cD= i,400X -— 



De= i,40oX 



8.67 



Stress in chord section ar = 26,250-:- 6 

jBZ) = 52,500-^6 

re = 6i, 250-^6 

DF = JO jOoo-r- 6 






( ( 



( < 



( < 



= 2,800 

= 4,200 

= 4,200 

= 1,400 

= 26,250 

= 61,250 
= 70,000 

= -h 6,100 
= — 6,100 
= -f 2,000 

= — 2,000 

= - 4,400 
= + 8,750 
= — 10,200 
= -1-11,700 



In the vertical members at r, <?, and g, which' serve to stiffen the 
top chord, there are no direct or calculable stresses. 

Live-Load Stresses in Trusses. The live-load is concentrated at 
the panel-points of the bottom chord by means of the stringers and 
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floorbeams; the panel live-load for one truss being equal to one-half 
of the total live-load per linear foot multiplied by the length of a 
panel. 

The maximum shear in panel ac occurs when the live-load covers 
the span; and, consequently, this condition of loading produces the 
maximum compression in member aB^ as well as the maximum 
tension in member Be, 



Table of Live-load Stresses 
I 200 

Panel live-load for one truss — X 12.5 

2 

Reaction at a (loads at c, e, and g)— 7,5ooX i J 
(loads at e and g) = 7,5ooX i 
(load at g only) 

Moment at panel-point B 



( ( 



< < 



< < 



( < 



< ( 



< t 



< < 



c 
D 

e 



Stress in diagonal aB 



< I 



ti 



i t 



i < 



( ( 



Be 



cD 



De 



eF 



i'S 



= 7»5ooXl 

= 11,250X6.25 

= 11,250X12.5 

= (11,250X18.75)- (7,500X6.25) 

= (ii;25oX 25)- (7,500X12.5) 

8.67 
= ii,25oX— - 

8.67 
= ii,25oX-^' 

8.67 
= 5.625X~-' 



= 5.625X 



8.67 



Stress in chord Motion ac 

BP 

cc 

DF 



( ( 



( i 



( i 



8.67 
= • i.875X-^-^ 

8.67 
= i,875X-^ 

= 69,5oo-^6 
= 139,000-^6 
= i6i,7oo-i-6 
= 184,400-^6 



7,500 

11,250 
5,625 

1,875 
= 69,500 

= 139,000 

= 161,700 

= 184,400 

= 4- 16,250 

= - 16,250 

= -f- 8,100 

= — 8,100 

— -f- 2,700 

= - 2,700 

= — 11,600 

= -f- 23,200 

= — 26,900 

= + 30,700 



The maximum positive shear in panel ce occurs when the live- 
load extends from the right-hand abutment to a point between the 
panel-points c and e\ for the shear in this panel is equal to the reaction 
at a, minus the load at c. By advancing the load towards the panel- 
point r, the reaction at a is increased, but also the concentration at this 
panel-point. Now the exact position of the load for producing the 
maximum shear may be found by trial, or by the calculus; but the 
customary conventional method of dealing with a uniform live-load 
is to assume that it covers the panel in which the shear is required. 
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and to neglect the half-panel concentration at the adjacent left-hand 
panel-point. Therefore, for the maximum shear in this panel, it will 
be assumed that there are full panel loads concentrated at e and g, 
with no load at c. For this condition of loading, the reaction at a 
is equal to one-half of the load at e, plus one-quarter of the load at 
g\ and the maximum shear in the panel is equal to the reaction. This 
condition gives the maximum compression in member cD, and the 
maximum tension in member De. 

The maximum positive shear in panel eg would occur with a 
full panel load concentrated at g, and no loads at c and e. For this 
case, the reaction at a, and consequently the shear in panel eg, is 
equal to one-quarter of the load at g. This condition gives the maxi- 
mum compression in member eF, and the maximum tension in member 

The maximum moment at any point occurs when the live-load 
covers the span; thus the live-load stresses in the chords are deter- 
mined in exactly the same manner as those due to the dead-load. 

Impact Stresses in Trusses. The effect on a structure of a 
moving or live-load is undoubtedly greater than that of a fixed or 
dead-load. This additional stress, which is called impact, has not 
yet been determined satisfactorily, but is here provided for by the 
formula, 

range^ 



Impact = 



2 max. 



In this formula range represents the total calculated stress in a 
member produced by the live-load; or, if the live-load tend to cause 
in a member alternate stresses of tension and compression, then the 
range is the numerical sum of these alternate live-load stresses. 
Again, max, represents the maximum stress in a member due to the 
dead- and live-loads (computed statically) which can occur at any 
one time. 

In member aB the range of live-load stress =16,2 50 lbs.; and 
the maximum stress occurring at any one time is the sum of the dead- 
and live-load stresses, =6,ioo-f 16,250=22,350 lbs. Then 

^ ^ 16,2502 
^""P^^*=Ix^S-5=5,90olbs., 

es shown in Fig. 75. 

In member Be, the dead- and live-load stresses are the same 
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numerically as those in aBj although of opposite sign; and thus the 
impact is also the same. 

In member cDy which corresponds to member Fg, the live-load 
stresses are -f8,ioo lbs. and —2,700 lbs., the numerical sum of which 
= 10,800 lbs., being the range; and the maximum stress occurring at 
any one time is the sum of the dead-load stress (-f 2,000 lbs.) and 
the live-load stress (+8,100 lbs.) = 10,100 lbs. Then 

lo.Soo^ ^ „ 

Impact = = c,8oo lbs. 

' 2X10,100 *^ 

In member De, the dead-load, live-load, and impact stresses are 
the same numerically as those in cD, but of opposite sign. 

In member ac, the range = 16,600 lbs.; and the maximum = 4,400 
+ 1 6,600 =21 ,000 lbs. Then 

i6,6oo2 

Impact = = 6, £500 lbs. 

^ 2X21,000 ^ 

In member BD, the range = 23,200 lbs.; and the maximum=8,75o 
+ 23,200=31,950 lbs. Then 

2? 200"^ 

Impact = — — =8,400 lbs. 

^ 2X31,950 ' 

In member ce^ the range = 26,900 lbs.; and the maximum = 10,200 
+ 26,900=37,100 lbs. Then 

26,000- „ ,, 
Impact = = Q,8oo lbs. 

In member DF, the range = 30, 700 lbs.; and the maximum = 11,700 
+30,700=42,400 lbs. Then 

_ 70,700- ,, 

Impact = -^—^ = 11,100 lbs. 

2X42,400 

Proportioning of Truss Members. The dead-load, live-load, 
and impact stresses are summarized in Fig. 75. 

For the tension members, the required sectional areas are obtained 
by dividing the total stresses by the permissible unit-stress of 16,000 
lbs. per sq.in.; and the net sectional areas of the angles used are 
determined by allowing for two |^-inch holes in each angle, the inten- 
tion being to use |-inch rivets. 
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For the compression members, the permissible unit-stress for 
each individual case is obtained from Table I, Art. 15; and the 
sections are prop)ortioned so that the unsupported length of no member 
exceeds 120 times its least radius of gj-ration. 

For member cD, the total stress = +15,900 lbs., and its length 
= 104 ins. Then, assuming two angles 3X2iXt^ ins., with the 3-inch 
legs back to back but separated i in. on account of the connection 
plates, the least radius of gyration is found to be 0.94 in. Thus the ratio 

— = = 110, which, by the column table, corresponds to a permissible 

r 0.94 

unit-stress of 7,180 lbs. per sq.in.; and 15,900-5-7,180=2.22 sq.ins. 
required. The sectional area of the assumed angles is greater than 
this, but the general practice at present prohibits metal in highway 
bridges under ^ in. thick; and, if smaller angles were used, the ratio 

— would exceed 120. 

r 

For member De, the principal stress= —15,900 lbs., requiring 
one sq.in. of net sectional area. But this member may at times be 
subject to a small amount of compression; and thus two angles 
3X2iXt^ ins. are also used here. 

The top chord is supjxjrted vertically at intervals of 6 ft. 3 ins. ; 
but is held laterally only by the vertical posts, which are 12 ft. 6 ins. 
apart and knee-braced to the floorbeams; consequently, for equal 
strength in both directions, the radius of gyTation about the vertical 
axis of this member should be twice as great as that about the hori- 
zontal axis. 

Assuming for member BD, two angles 4X3XSins., w^ith the 
3-inch legs back to back but separated h in., the radius of gyration 
about the vertical axis is found to be 1.98 ins., and that about the 
horizontal axis, 0.88 in.; consequently, the half-panel length (75 ins.) 

divided by this latter radius (0.88 in.), gives the greater value for — , 

and therefore determines the permissible unit-stress. Thus — =— ^ 

r 0.00 

=85, which, by the column table, corresponds to 8,560 lbs. per sq.in.; 
and the total stress in the member, divided by this unit-stress, is the 
area required, viz.: 40,350-^-8,560=4.72 sq.ins., as shown; whereas 
the area of the assumed angles =4.96 sq.ins. 

For member DF the total stress= -1-53,500 lbs.; and the unsup- 
ported length, 75 ins., as before. Then, assuming two angles 4X3 Xi 
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ins., the least radius of gyration is found to be 0.86 in.; —=-^=87, 

r 0.86 ' 

corresponding to a permissible unit-stress of 8,460 lbs. per sq.in.; and 

53,5004-8,460=6.33 sq.ins. required, whereas the area provided is 

6.50 sq.ins. 

For member aB the total stress= +28,250 lbs., and the length 

= 104 ins. In order to continue the outiine of the top chord, which 

is desirable for the sake of appearance, two angles 4X3 X A ins. are 

used here, with the 3-inch legs back to back as before. The least 

radius of gyration is found to be 0.89 in.; then — =— ^=117, corre- 

r 0.09 

sponding to a permissible unit-stress of 6,820 lbs. per sq.in. ; and 

28,250-^6,820=4.14 sq.ins. required; whereas the area provided is 

4.18 sq.ins. 

For the vertical posts, two angles 3X3XA ins. are used. 

Laterals. The lateral system, as shown in Fig. 75, is a hori- 
zontal truss of 50 ft. span and 17 ft. deep. There are four panels of 

1 2 ft . 6 ins. each ; and the length of the diagonals = V 1 2.52-1-172=21.1 
ft. The horizontal wind pressure is taken at 450 lbs. per lin.ft. of 
bridge; and thus a panel load =450X1 2.5 = 5,625 lbs. As in the ver- 
tical trusses, there is a panel load concentrated at each point c, «, 
and g. The shear in the end panels is equal to one and one-half 
panel loads, =5,625X11=8,440 lbs.; and the stress in the end diago- 

21. 1 
nals= 8,440 X — ^=10,475 ^^s-j which, at 16,000 lbs. per sq. in., =0.65 

sq.in. required. One angle 2iX2iXA i^s. is used for each diagonal. 
Its net area, allowing for one |^-inch hole, = 1.20 sq.ins. 

Details. Fig. 76 is a detail drawing showing an inside view of 
one-half of a truss, one-half cross-section and one-quarter plan of 
laterals. The trusses are supposed to be shipped rivetted up; thus 
all rivets, except those in the end connections of the floorbeams and 
laterals, are shop-driven. 

The rivets throughout are | in. diameter; then, by Table V, 
Art. 19, the value of one shop-driven rivet in single shear =5, 300 lbs.; 
in bearing on |-inch plate =6,760 lbs.; and in bearing on J-inch plate 
=9,000 lbs. By Table VI, the value of one field-driven rivet in single 
shear =3, 97 5 lbs. 

The gusset-plates in the truss are ^ in. thick throughout, the 
object in using this comparativelv thick metal being to obtain high 
bearing values for the rivets therein in order that the number required 




i'Rireb 






\i SO-FtJhnxj^WarrenGirder. Detail Drawing. 
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-will not be excessive. The sizes of the gusset-plates are determined 
by the number of rivets required in the connections, with a minimum 
pitch of 3 ins. ; and the nimiber of rivets required in any connection 
is obtained by dividing the stress in the member by the permissible 
bearing value of one rivet on the J-in. gusset-plates, this value being 
less than that of double shear. In accordance with what is generally 
accepted as good practice, no fewer than three rivets are employed 
in any connection. 

Detail at a. The number of rivets required in the connection of 
the end post== 28,250-^9,000=3.1; and the number required in the 
bottom chord connection = 27,500^ 9,000= 3; whereas the drawing 
shows four in both cases. The angles of the end post are crimped 
, to fit over those of the bottom chord. The gusset-plate is required 
to bear evenly on the shoe-plate, and thus transmit the vertical com- 
ponent of the stress in the end post without calling upon the rivets 
in the bottom chord angles for this purpose. The total reaction on 
the shoe- and bed-plates is equal to the vertical component of the 

stress in the end post, = 28,2 50X^2- =19,600 lbs.; and, taking the 

0.07 

permissible bearing on the abutment at 400 lbs. per sq.in., the area 
required in the bed-plate =19,600-^ 400 =49 sq.ins. The area of the 
plate used= 12X13 = 156 sq.ins.; but practical considerations do not 
admit of employing a bed-plate of smaller dimensions. The shoe- 
plate, which is i in. thick, is made larger than the bed-plate, and cut 
so as to serve as a lateral connection. Round holes ij ins. diameter 
are provided in the shoe- and bed-plates at one end of the span 
for ij-inch anchor bolts; whereas at the other end, in order to 
allow for expansion, the shoe-plates are provided with 2Xii in. 
slots. 

Detail at B, Here, the connections of members aB and Be each 
require 3.1 rivets, whereas four rivets are provided. If more than 
four rivets were required for member 5c, it would be better to provide 
lock-angles containing at least two rivets. But the stress in this 
member is small, and the area greatly exceeds that required; for two 
holes were allowed for in each angle, while there is actually only one; 
thus the single line of rivets as shown is entirely satisfactory. In 
the connection of member BD, the number of rivets required =40,350 
-r- 9,000=4.5; and six rivets are provided. The bent plate which 
covers the hip is to give lateral stiffness, and cannot be depended 
upon to transmit any portion of the direct stresses. 
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Detail at c. The bottom chord is spliced 3 J ins. to the left of 
the panel-point, partly by the J-inch gusset-plate and partly by the 
^-inch lateral plate. Now the net area at the point where the angles 
are cut should not be less than that required for member ar, viz., 
1.72 sq.ins.; but it is evident that the whole width of the gusset-plate 
cannot be considered to resist the stress, as all the pull is on one 
edge, and, if the plate were to begin to fail at that edge, it would soon 
be torn across; and the same argument applies to the lateral plate. 
For the vertical gusset-plate, it is only safe to figure on a width equal 
to twice the rivet gauge in the angle, =3 J ins.; and from this should 
be deducted the diameter of the rivet hole, J in. For the lateral plate, 
the effective width may be considered to be equal to the distance out- 
to-out of chord angles, =6J ins., minus two f-inch rivet holes. Thus 
the net effective sectional area of the J-inch gusset-plate = (3J — |) Xi ins. 
= 1.31 sq.ins.; while that of the ^-inch lateral plate = (6 J — 1 1) X t^ ins. 
= 1.48 sq.ins.; the total being 2.79 sq.ins. The value of the rivets 
at the left-hand end of the splice should be equal to or greater than 
the stress in ac, 27,500 lbs.; whereas the value of the rivets shown 
is as follows: 

Three rivets bearing on J-inch gusset-plate, at 9,000 =27,000 

Four rivets in lateral plate (single shear), at 5,300 =21,200 



Total value of rivets in left-hand end of splice =48,200 lbs. 

Since this value is greater than the stress in member ce^ it is unneces- 
sary to compute the strength of the rivets in the right-hand end of 
the splice. 

Detail at D, The top chord is spliced ij ins. to the left of the 
panel-point, partly by the J-inch gusset-plate and partly by the 
8JXf in. cover-plate. The value of the rivets in the left-hand end 
of the splice is as follows: 

Three rivets bearing on J-inch gusset-plate, at 9,000 =27,000 

Six rivets in cover-plate (single shear), at 5,300 =31,800 



Total value of rivets in left-hand end of splice = 58,800 lbs. 

This value is not only greater than the stress in member BD, but also 
exceeds that in member DF, 



\ 



50-FOOT THROUOH WARREx\ GIRDKR HIGHWAY BRIDGE 151 

Floorbeam Connection. The total end shear, as previously 
determined, =i6,ioo lbs.; and this force must be resisted by the 
rivets connecting the end angles to the web of the floorbeam. Now 
the rivets are located 2f ins. from the centre line of the truss, as shown 
in Fig. 76; and thus they are subject to a moment equal to i6,icx) lbs. 
X2f ins. =42,260 in. -lbs. This moment induces horizontal forces 
acting on the rivets, tending to push those above the centre of gravity 
towards the centre of the floorbeam, and to pull those below the centre 
of gravity in the opposite direction. The maximum horizontal force 
is applied to the outer rivets, and may be determined by dividing the 
bending moment by the section modulus of the rivets, which latter is 
computed as follows: 

The vertical spacing of these rivets is 3 ins.; thus their several 
distances from the centre of gravity are i^ and 4 J ins. ; and their moment 
of inertia, taking one rivet as the unit of value, is equal to the sum 
of the products of all the rivets multiplied by the squares of their 
several distances from the neutral axis, =2(1.52-1-4.52) =4^. The 
section modulus of the rivets is equal to this moment of inertia divided 

by the distance from the neutral axis to the outer rivets, =— =10. 
^ 4.5 

Then the horizontal force acting both on the upper and on the 
lower rivet = 42, 2604-10=4,226 lbs. 

In addition to this horizontal force, there is a vertical load equal 
to the end shear, which is assumed to be equally distributed among 
the four rivets; thus the vertical load on each rivet = 1 6,1 00 -r- 4 = 
4,025 lbs. 

Therefore, the total force acting both on the upper and on the 
lower rivet is equal to the resultant of the horizontal and vertical 
forces determined above; and may be represented by the hypothenuse 
of a right-angled triangle, in w^hich the horizontal side represents 
the force due to bending, and the vertical side, the direct load. Then, 

the total force acting on the outer rivets = V 4,2 262-f 4,02 52 = 5,830 lbs.; 
and, since this is less than the permissible bearing value of a |-inch 
rivet on the J-inch web of the floorbeam, the connection is amply 
strong. 

Connecting the end angles to the truss, there are six J-inch field- 
driven rivets in single shear, which, at 3,975 lbs. per rivet = 23,850 lbs. 

The top flange of the floorbeam is connected to the vertical post 
of the truss by a |-inch gusset-plate. The purpose of this connection 
is to give lateral support to the top chord. 
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Camber. Bridge trusses are constructed with a slight arch called 
camber. This adds nothing to their strength, but is provided prin- 
cipaUy to offset the deflection due to the dead- and live-loads. The 
camber is obtained by making the top chord slighdy longer than the 
bottom chord; the usual rule is to increase the length of the top 
chord about J in. for every lo ft. 

Estimated Weight. The weight of steel in this structure, as 
determined by a careful estimate made from the detail drawing, 
Fig. 76, is about 10,000 lbs. Thus the weight of metal per linear 
foot=io,ooo-i-5o=20o lbs., which is just equal to that assumed for 
calculating the dead-load stresses. This may be considered as a 
coincidence; for it is usually impracticable to determine the weight 
of a bridge exactly before it has been designed. When the discrepancy 
between the assumed and actual weights is greater than about 10 per 
cent, it is advisable to refigure the bridge in accordance with the 
corrected weight. 




4-Ji%2i\S!is.kinic^ 






^1 




^"* ^•^ • ^^ 




1 


; • > 


V /• 


X 


^v ^ * 


/ 


^v .^^ ^ 


/ 


^V ^r 1 


y 


^V X ' 


Y 


^V ./^ ' 




^y ^ \ 




X X ' 




jC ' 


. 


./^V ' 




^r ^V ' 




^r ^^ t 


t 


M ^V * 


k 


^T ^^ 1 


X 


w ^V ' 


'\ 


^ ^V ' 


\ 


^r ^L 1 


\ 


y \. • 


,_ii 


L 1 



Cros^ Section 



*o 



....I 



Shear, dl ifiAo 
II itooo 

*fflP 4.550 
IM90 /to 



Floorbeom5. 



Moment, dl ti.soo 

II 55.500 

imp 21.900 

90lOOO ft'lh. 

t8''2^55lk 5*884^ 



5tre5s Sheet 



CHAPTER XI 
The Design of a Pin-connected Pratt Truss Highway Bridge 

ft 

This type of bridge has been used very extensively in the past 
for spans varying from 75 ft. to 200 ft. The principal advantage of 
pin-connected spans over rivetted structures is in their comparatively 
easy and economical erection; but the latter are less subject to 
vibration and are generally longer lived. 

The structure considered in this chapter will be designed in 
accordance with the following data: 

Length, c. to c. of bearings, 120 ft. =8 panels of 15 ft.; 

Depth, c. to c. of chords, 20 ft. 

Length of diagonal web-members =^202 -1-152= 25 ft. 

Width, c. to c. of trusses, 17 ft. 3 ins. 

Roadway, 16 ft. clear. 

Headroom, 14 ft. clear. 

Floor planking, spruce or pine, 3 ins. thick. 

Stringers, spruce or pine, 4X12 ins., about 2 ft. apart. 

Wheel guards, spruce or pine, 4X6 ins. 

Fence, spruce or pine, two lines 2^X6 ins. on each truss. 

Dead-load: Wood 275 

• Steel 375 

Total 650 lbs. per lin.ft. of bridge. 

Live-load for trusses, 75 lbs. per sq.ft. of roadway, =1,200 lbs. per 
lin.ft. of bridge. 

Live-load for stringers, floorbeams, and hip verticals, 100 lbs. per 
sq.ft. of roadway. 

Impact = ^—y as given in Art. 17, Chap. V. 

^ 2 max. ^ 

153 
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Horizontal force for proportioning top laterals, 150 lbs. per lin.ft. 
'' * ' '' '* bottom laterals, 300 lbs. per lin.ft. 

Unit-stresses as given in Art. 18, Chap. V. 
Rivets, } and f in. diameter. 

Stringers. The span of the stringers=i5 ft., and they are about 
2 ft. apart, c. to c. The dead-load on one stringer consists of its 
own weight in addition to that of the floor planking supported thereby. 
Then, assuming the stringer to be 4X12 ins., the dead-load is as 
follows: 

One stringer, 4X12 ins. 15 ft. long= 60 
Floor planking, 3X24 ins. 15 ft. long== 90 



150 ft. B.M., 
which, at 3 lbs. per ft. B.M.=45o lbs. 

The live-load on one stringer = 2X15X100 =3,000 lbs. Then 



Moment: Dead-load = '^^^■^^^ = 850 

o 

1 3»oooXi5 
Live-load = ^ — g— ^ =5,625 

8,925 ft.-lbs. = 107,100 in.-lbs. 

The permissible unit-stress for bending =1,200 lbs. per sq.in.; and 

thus the section modulus 5 required = 107, ioo-m, 200=89. 2. The 

4X12*^ 
section modulus of the assumed stringer (4X12 ins.) = — - — =96. 

Floorbeams. The effective span is the distance c. to c. of 
trusses = i7 ft. 3 ins. The dead-load consists of the weight of the 
beam itself, assumed at 55 lbs. per lin.ft., evenly distributed, plus 
the weight of the timber floor, =275 lbs. X 15 ft. -=4,125 lbs., dis- 
tributed over the central 16 ft. The live-load = 100 lbs. X 16 ft.XiS ft. 
-=24,000 lbs., which is also distributed over the central 16 ft. Then 
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17 2^; 

End shear: Dead-load = 55 X-^-^= 480 



4,i2«; 
H — - — ^ = 2,060 2,540 



24,000 

Live-load = =12,000 

2 

I2,OOo2 

Impact =-; ; — ^, = 4>95o 

^ 2(2540 + 12,000) ^^ 



19,490 lbs. 



Moment: Dead-load = ^^ — ^ =2,050 

o 



-1-2060(8.62— 4) =9,550 11,600 



Live-load =12,000(8.62—4) =55>5oo 

«:i:,i:oo2 

Impact = -7 — 2^ : 22,900 

2(ii,6oo-h55,5oo) ^ 

90,000 ft. -lbs. 

Then 90,000X12 = 1,080,000 in.-lbs., which, divided by 16,000=67.6 
—S required. An 18-inch I-beam at 55 lbs., for which 5=88.4, is 
used. 

Dead-Load for Trusses. The weight of timber per linear foot 
of bridge may be computed as follows: 

Floor planking, 3 ins. X 1 6 ft. = 48 
Nine stringers, 4X12 ins. =36 
Two wheel guards, 4X6 ins. = 4 
Four fence rails, 2^X6 ins. = 5 

93 ft. B.M. at 3 lbs. = 279 lbs. 

The approximate weight of steel, by formula given in Art. 17,= 
2i^+75 = (2.5Xi2o)-|-75=375 lbs. per lin.ft. of bridge. 
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Dead-Load Stresses in Trusses. As in the previous example, the 
total dead-load is assumed to be concentrated at the lower panel- 
points; the concentration at each panel-point of a single truss being 
equal to one-half of the total dead-load per linear foot of bridge, 
multiplied by the length of one panel. 

The reaction at either end is equal to one-half of the panel con- 
centrations; and the shear in any panel is equal to the reaction, minus 
any panel concentrations between this panel and the end support. 

The stress is any diagonal is equal to the shear in the panel in 
which it is situated, multiplied by the length of the diagonal and 
divided by the depth of the truss. The stress in any post is equal 
to the vertical component of the stress in the diagonal which meets 
its upper end, and is therefore equal to the shear in the panel con- 
taining this diagonal. The hip verticals Bb and Hh are not posts, 
but tension members, and the stress therein is equal to the panel 
concentration applied at their lower extremity. 

For the stress in abCf moments are taken about panel-point B. 
For the stress in BC, moments are taken about c; and, for the stress 
in cdy moments are taken about C; but c and C are the same distance 
horizontally from a, and thus the stresses in BC and cd are equal. 
For the stress in CD or de, moments are taken about d or D; and, for 
the stress in DE, moments are taken about e. 

Live-Load Stresses in Trusses. The maximum positive shear in 
any panel, with reference to the left-hand support, occurs with a load 
at every panel-point to the right of the panel considered, with no 
loads to the left; and is thus equal to the left-hand reaction for this 
distribution of loads. 

When the positive live-load shear in a panel exceeds the negative 
dead-load shear (as will be found in panel c/, with live-loads at/, g, 
and h only) counter-ties are required, because the main diagonals 
are incapable of resisting compression. In panel fg, with loads at g 
and h, as well as in panel gh, with load at h only, it will be found 
that the negative dead-load shear exceeds the positive live-load 
shear; therefore the diagonals in these panels will not be subject to 
compression; and, consequently, no counter-ties are required. But 
the effects of the maximum positive live-load shears in these panels 
will be computed in the following table of live-load stresses, as they 
comprise a part of the total range of stress used in figuring the impact. 
The maximum live-load stresses in the chords are determined in the 
same maimer as the dead-load stresses. 
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TABLE OF LIVE-LOAD STRESSES 

I 200 

Panel live-load for one truss =-^ X is 

2 

28 
Reaction a (loads b io h) = 9,000 X 



( ( 



f < 



f ( 



(( 



8 

21 
(loads c to /») = 9,ocoX — 

o 



(loads dto h) = 9,000 X 
(loads e to h) = 9,000 X 



15 
8 

10 

"8 



(loads/ to A) = 9,000 X- 

o 

(loads ^ and /») = 9,000 Xf 

o 

(load /( only) = 9,000 X- 

o 

Moment at panel-point B = 3 1 , 500 X 1 5 

c= (31,500X30)- (9,oooX 15) 

rf=(3i,5ooX45)-[9,oooX (15 + 30)] 

e= (3i,5ooX 6o)-[9,oooX (15 + 30+45)]= 



ft 



< < 



< ( 
( < 



9,oco 
3i»5oo 
23,625 

16,875 
11,250 

6,750 
3,375 
1,125 



< < 



< < 



Stress in member 



aB 



3i,5ooX-^ 
20 



Bc=23,625X 



20 



Cj= 16,875X1 

Cd=i6,S7s'X — 
20 

/?</= 11,250X1 

21; 

De=iif2$oX-^ 
20 



£«= 6,750X1 

£/= 6,75oX^ 
20 

Ff= oXi 

/^'= 3,375X^ 
20 

Q= 3,375X1 



^//= i,i25X 



20 



a6c= 47 2, 500 -J- 20 
BC =81 0,000 -^ 20 
Crf= 810,000 -J- 20 
CD= 1,01 2,000 -j- 20 
de= 1,01 2,000 -^ 20 
/?£= 1,080,000-1- 20 



56 = 



lOoX — X15 
2 





472,500 




810,000 


I 


,012,500 


I 


,080,000 


+ 


39.3/5 


— 


29,530 


+ 


16,875 


— 


21,090 


+ 


11,250 


— 


14,060 


+ 


6,750 


— 


8,440 







+ 


4,220 


— 


3,375 


+ 


1,400 


— 


23,625 


+ 


40,500 


— 


40,50c 


+ 


50,625 


— 


50,625 


+ 


54,000 



= — I3,0OO 
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TABLE OF DEAD-LOAD STRESSES 



Panel dead-load for one 


6t;o 
truss=-^-XiS 

2 


= 


4,875 


Reaction at a 


= 4,875X3* 


= 


17,060 


Shear in 


panel ab 


= 17,060—0 


= 


17,060 


( < 


" be 


= 17,060-4,875 


= 


12,185 


< ( 


" cd 


= 17,060- (4,875X2) 


= 


7,310 


C { 


'' de 


= 17,060- (4,875X3) 


= 


2,435 


Moment at panel-point 


B= 17,060X15 


= 


255,900 


< ( 


mi 


c= (17,060X30)- (4,875X15) 


= 


438,675 


i ( 


i < 


(/=(i7,o6oX45)-[4,875X (15 + 30)] 


= 


548,325 


i t 


t ( 


e=(i7,o6oX6o)-[4,875X (15 + 30+45)]^ 


584,850 


Stress in 


member aB 


= i7,o6ox'-^ 


= f 


21,325 




Be 


= I2,I85XJ 


= — 


15.23C' 




Cc 


= 7,310X1 


= + 


7,310 




Cd 


= 7.3-x^^ 


= — 


9,140 




Dd 


= 2,435X1 


= + 


2,435 




De 


2^ 

= ^'•♦^^SX;^ 

20 


= — 


3,040 




" abc 


= 255,900^20 


= — 


12,795 




BC 


= 43^754-20 


= + 


21,930 




cd 


= 438,675-^20 


= — 


21,930 




CD 


= 548,325-^-20 


= + 


27,420 




de 


= 548,325-^20 


= _ 


27,420 




DR 


= 584,850^20 


= -f 


29,240 




Bb 


= 4,875X 1 


= — 


4,875 



Impact Stresses in Trusses. The impact is computed by the 
formula 



Impact = 



ranged 
2 max.^ 



as for the 50-foot Warren girder. The impact stresses for the chords, 
end posts, and hip verticals, in which the range is represented by the 
maximum live-load stress, and the max., by the dead-load plus the 
live-load stress, require no further explanation; but for the remain- 
ing members, some of which are subject to live-load stresses of oppo- 
site character, the appplication of the impact formula is more com- 
plicated. These members will be dealt with individually. 

In member Be, the dead-load stresses= —15,230 lbs. The live- 
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load stress in this member (with loads at panel-points ctoh) = —29,530 
lbs.; and, in the corresponding member gH at the opposite end of 
the span, with load at h only, the live-load stress=-|- 1,400 lbs. Thus 
both Be and gH may be subject to a live-load stress of —29,530 lbs. 
or -1-1,400 lbs.; and the numerical sum of these stresses constitutes 
the range, which is equal to 29,530-1-1,400=30,930 lbs. The maxi- 
mum stress to which this member Be is liable is the sum of the dead- 
load and the maximum live-load stresses = 15, 230 -1-29,530 =44, 760 lbs. 
Then 

Impact='-^^= ^^ = -10,640 lbs., 
2 max. 2X44,760 

as shown in Fig. 77. 

In member Cc, the dead-load stress= -1-7,310 lbs.; the live-load 
stress= -1-16,875 lbs.; and the live-load stress in the corresponding 
memberG|^=— 3,375 lbs. Thus the ran^e= 16,875 -1-3,37 5 = 20,250 lbs.; 
the w«MC. = 7,310-1-16,875 = 24,185 lbs.; and the 

20.2 co^ 

In member Cdy the dead-load stress=— 9,140 lbs.; the live-load 
stress= —21,090 lbs.; and the live-load stress in the corresponding 
member /G= -1-4,220 lbs. Thus the ra»^e = 2i,090-l-4,220 = 25 310 
lbs.; the w<ijc. =9,140-1-21,090=30,230 lbs.; and the 

Itnpaet = -^- — = -10,580 lbs. 
2X30,230 '^ 

In member Dd, the dead-load stress =+2,435 ^^s., and the live- 
load stress= -1-11,250 lbs. Owing to the counter- tie Ef, which comes 
into action with loads at panel-points /, g, and h, there is no stress 
under this distribution of the live-load in F/", which member corre- 
sponds to Dd. Therefore, the range in either of these members is 
simply the maximum live-load stress, as above; the wax. = 2,435 -f 
11,250=13,685 lbs.; and the 
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In member Z>e, the dead-load stress=— 3,040 lbs., and the live- 
load stress=— 14,060 lbs. This member, also, is unaffected by any 
reversal of shear in the panel, for its corresponding member cF is 
relieved of compression by the counter-tie E}\ thus the range in De 
or cF is the live-load stress, —14,060 lbs.; the wkw?. =3,040+ 14,060 
= 17,100 lbs.; and the 

i4,o6o2 

Impact == — = — CjSoo lbs. 

^ 2X17,100 ^' 

In members Ee and £/, there is no dead-load stress; but, with 
the maximum positive live-load shear in panel e/", which occurs when 
panel-points /, gy and h only are loaded, the main tie eF will be 
slackened up, or thrown out of action, and thus the negative dead- 
load shear in this panel must be resisted by members Ee and £/", 
tending to induce tension in the former and compression in the 
latter, and thereby reducing the live-load stresses therein. The total 
range of stress in these members is the difference between the live- 
load stress and the effect produced by the dead-load; and the max. 
is equal to the range. 

In Ee, the live-load stress = +6,750 lbs., and the effect of the dead- 
load =—2, 43 5 lbs.; thus the range and the wmmp. =6,750— 2,435 = 
4,315 lbs.; and the 

/w/>(U:/ = ^^^^i^= +2,155 lbs. 
^ 2X4,315 

The total stress in the member is the algebraic sum of the dead-load, 
live-load, and impact stresses, as shown. 

In Ef, the live-load stress = —8,440 lbs.; and the effect of the 
dead-load= +3,040 lbs., being the same numerically as the dead- 
load stress in the main ties De or eF\ thus the range and the max.= 
8,440 — 3 ,040 = 5 ,400 lbs. ; and the 

<> 

C zlOO 

Impact == -—- = —2,700 lbs. 

^ 2X5,400 '' 

The total stress in the member, as in Ee, is the algebraic sum of the 
dead -load, live-load, and impact stresses. 

Bottom Laterals. The bottom lateral system, as shown in Fig. 
77, is a horizontal truss of 120-foot span and 17 ft. 3 ins. deep. 
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There are eight panels of 15 ft. each; and the length of diagonals = 

V 152-1-17.252=22.86 ft. The diagonals are to be designed to resist 
a horizontal force of 300 lbs. per lin.ft. of bridge, which is assumed 
to be a moving load. The maximum shears in the various panels 
are computed in the same manner as those for the live-load in the 
case of the vertical trusses; and the stresses in the diagonals are equal 
to these shears, multiplied by the length of the diagonals and divided 
by the width of the bridge c. to c. of trusses. 

Although the horizontal force, or wind-load, produces additional 
stresses in the chords and floor beams, it is unusual to consider such 
additional stresses unless they exceed 25 per cent of those due to 
dead-load, Hve-load, and impact; or, in other words, for the rare 
combination of maximum stresses due to dead-load, live-load, impact, 
and wind force, the permissible unit-stress may be increased 25 per 
cent. 

Table of Bottom Lateral Stresses 
Panel-load = 300 X 1 5 = 4,500 

Stress in ist diagonal = 4500 X-^X — '- — = —20,870 

° ^ 8 17.25 ' 



<( 



it 



ti 



1 .. 21 22.86 

2d =45ooX-g-X-- = -15,650 

. ,, IS 22.86 

, ,, 10 22.86 

4th =45ooX^X--— = - 7,450 

5 17.25 



Top Laterals. The top lateral system consists of a horizontal 

tnlss of six 15-foot panels, supported laterally at the hips B and H 

by the portal strut, as shown in Fig. 77. The depth of this horizontal 

truss=i7.25 ft., and the length of the diagonals =22.86 ft., as for the 

bottom laterals. The assumed wind-load is 150 lbs. per lin.ft.; and 

the panel-load = 150X15 = 2,250 lbs. The shear in the end panels is 

equal to 2^ panel loads, =5,625 lbs.; and the stress in the end 

22.86 
diagonals =5,62 5 X — ' — = 7,450 IBs. Since this stress is so small, it 

is unnecessary to compute the stresses for the intermediate diagonals. 
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Portal Strut. Referring to Fig. 77, it is assumed that a hori- 
zontal force equal to 3^ top lateral panel-loads, =2,250X3^=7,875 lbs., 
is applied to the portal strut at the point M, as shown, and that the 
horizontal reactions at K and Q for this force are each equal to 
7,875X4=3,937 lbs. 

When the bridge is fully loaded, it may be further assumed that 
the posts are fixed in the plane of the portal strut at the points K 
and Q, and that the points of contraflexure are midway between these 
points and the points L and P. Thus the bending moment due to the 
wind-load, which may be used in conjunction with the total dead- 
load, live-load, and impact stresses, is maximum at the foot of the 
posts and at the lower connections of the portal strut; and is equal 
to the horizontal reaction at K or Q, multiplied by one-half tne distance 

7 87 c I "^ 
between these points and the points L or P, =^^-^X-^ = 25,600 

ft.-lbs. =307,200 in.-lbs. 

But when the bridge is unloaded, the lower ends of the posts are 
not perfectly fixed; and, for the purpose of designing the portal strut, 
it is advisable to assume that these ends are hinged in the plane of 
the portal strut, as well as in the planes of the main trusses. In this 
case the maximum bending moment, which is at L or P, is equal to 
the horizontal reaction at A' or Q, multiplied by the distance KL or 

QP, =^^-^ X 13 = 51,200 ft.-lbs. =614,400 in-.lbs. Now these moments 
2 

must be balanced by induced forces at M and O, acting in the same 

direction as the horizontal reactions at K and Q\ and the lever arm, 

about the points L and P, of these induced forces at M and O is equal 

to the distance ML or 0P = 12 ft. Therefore, the forces required at 

M and O to balance the moments about L and P which result from 

7,87c I"? 
the horizontal reactions at K and P = — --X—= 4,266 lbs. These 

2 12 

forces act in the same direction as the horizontal reactions at K and 

Q, and must be balanced by equal but opposite external forces acting 

in the direction of the applied wind force, as shown. At L and P, 

there are horizontal forces equal to the horizontal reaction at K or 

Q, plus the induced force at M or = 3,937-1-4,266 = 8,203 lbs. These 

forces act in the opposite direction to the forces which they balance, 

and must be resisted by equal forces acting in the opposite direction 

to the applied wind force, as shown. In addition to the horizontal 

reactions at K and Q, there are also reactions in the plane of the portal 
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Strut, which are equal to the applied wind force at 3f , multiplied by 
the length of the post and divided by their distance c. to c, =7,875 

X — ^^ = 1 1 ,400 lbs. That at K acts downwards, and that at Q 
17-25 

upwards, as shown. 

Having determined the external forces acting upon the portal 
strut, the stresses therein may readily be found graphically, or com- 
puted analytically. Thus the stress in 3/iV is equal to the applied 
wind force at M, plus the force supplied to balance that induced through 
bending, =7,875+4,266= + 12,141 lbs. The stress in NO is equal to 
the force supplied at O to balance that induced through bending = —4,266 
lbs. The stress in PN is equal to the horizontal force supplied at P, 
multiplied by the length of the member and divided by one-half the 

width of the portal strut, =8,20^X0-^—=^ -\-i4yOOo\hs. The stress 

8,625 

in NL is of the same magnitude as that in PN, but of opposite 

character. There are no stresses in the short diagonals, or in the 

horizontal member between the main diagonals; but these members 

are supplied for stiffening purposes and general effect. 

Proportioning of Truss Members and Lateral Systems. The 
total stresses in the various truss members, as well as in the laterals 
and portal strut, are shown in Fig. 77; also the sectional areas 
required and provided. 

The sectional areas required for the tension members are deter- 
mined by dividing the total stress therein by the permissible unit- 
stress of 1 6,000 lbs. per sq.in. ; except that, for the counter-ties in 
panels de and ef, which are of iron, the permissible unit-stress is taken 
at 12,000 lbs. per sq.in. 

For the compression members, the permissible unit-stress for 
each individual case is obtained from Table I, Art. 15; and the 
sections are proportioned so that the unsupported length of no member 
exceeds 120 times its least radius of gyration. 

The top chords and end posts are composed of 9-inch channels, 
10 ins. back to back, and latticed on both upper and lower sides. It 
should be noted that the radius of gyration varies in the different 
weights of these channels, which accounts for the differences in the 
permissible unit-stresses for the several panels. 

The end posts are first designed without taking into account the 
stresses due to wind-load, and it is found that two 9-inch channels 
at 20 lbs. per ft. are required, their sectional area being 11.76 sq.ins. 
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But these members should also be investigated for two other con- 
ditions: 

FirsL Considering the bending moment due to the wind-load 
(assuming the ends of the posts fixed) combined with the total stress 
due to dead-load, live-load, and impact; for which condition a maxi- 
mum fibre-stress of 12,000+25 per cent =16,000 lbs. per sq.in. may 
be permitted. 

Second. Considering the bending moment due to wind-load 
(assuming the ends of the posts hinged) combined with the direct 
stresses due to dead- and wind-loads only; and for this condition a 
maximum fibre stress of 16,000 lbs. per sq.in. may also be permitted. 

For two 9-inch channels at 20 lbs., separated 10 ins. back to back, 
the moment of inertia about an axis through the centre of gravity and 
paraUel to the webs, is found to be 371.4; the distance yi from this 

axis to the outer fibres =7.65 ins.; and the .section modulus 5= — = 

yi 

^^' =48.55. 

For the first condition, the bending moment, which has been 
computed in connection with the portal strut, =307,200 in.-lbs.; 
and the total direct stress, as given in Fig. 77, =-[-73,450 lbs. Then 

73,450-J- 11.76= 6,250 
307,200-^48.55= 6,330 

12,580 lbs. per sq.in. 

Thus the section is ample for this condition. 

For the second condition, the bending moment =s 614,400 in.-lbs.; 
the dead-load stress= -1-21,325 lbs., and the direct wind-load stress 
= ±11,400 lbs.; the total direct stress being equal to 21,325-1-11,400 
= +32,725 lbs. Then 

32,725-Mi.76= 2,780 
614,400-7-48.55 = 1 2,660 

15,440 lbs. per sq.in. 

Therefore the assumed section composed of two 9-inch channels 
at 20 lbs. satisfies all conditions. 
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For the vertical posts, two 6-inch channels at 10.5 lbs. are used, 
latticed 5 ins. back to back. Their sectional area is considerably 
greater than required for the actual stresses; but, with smaller 
channels, the length would exceed 120 times the least radius of gyra- 
tion; and the lighter weight of the 6-inch channels has a web of 
only 0.20 in., which is entirely too thin. 

For the hip verticals, which are tension members, the same 
section used for the vertical posts is employed. The object in adopt- 
ing stifiF members at these p)oints is to provide rigid connections for 
the floorbeams and laterals. 

In the portal strut, the stresses are light; and thus the sizes of 

the principal members are determined by the condition that the ratio 

/ 

— shall not exceed 1 20, and also that the minimum thickness of metal 

f 

shall not be less than ^ in. The members are each composed of 
two angles 3^X2^X1!^ in., latticed and placed as shown in the detail 
drawing. Fig. 78. The minor members are made of two angles 
2jX2iX A i^- stayed by tie-plates only. 

The sectional area of the top laterals is greatly in excess of that 
required for the stress. They are composed of two angles 2 i X 2 i X A in. 
latticed in vertical planes. The reason for making these members 
comparatively stifiF is to lessen the vibrations to which they are subject. 

The top struts are composed of four angles 3iX2jxA ^^-j with 
the 2)h 1^- legs horizontal, and the 2i-inch legs back to back but 
separated sufficiently to accommodate the latticing. The section of 

these members is determined by the condition that the ratio — shall 

' r 

not exceed 120. 

Owing to the very efficient top laterals and portal struts, it is 
thought unnecessary to provide vertical sway bracing at the interme- 
<iiate p)osts. 

Details. In Fig. 78, which is a general detail drawing of the bridge, 
is shown an inside elevation of one-half of truss, together with top 
and bottom laterals, one-half cross-section at centre of span, one-half 
of portal strut, also pier members. The truss and laterals are laid 
out to a smaller scale than that used for the details, the object being 
to keep the drawing within practicable limits and to make the essential 
details as clear as possible. 

Pin Moments. One of the first things to consider in detailing a 
bridge of this type is the bending moments on the pins. Now the 
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pins in the bottom chords and those at the hips are usually found 
to be subject to their maximum bending moments when the bridge 
is fully I jaded; but, on the pins at the intermediate panel-points of 
the top chords, the maximum moments occur with the greatest stresses 
in the diagonals connected thereby. 

Before computing the pin moments, it is necessary first to deter- 
mine, for the condition of loading considered, the stresses which occur 
simultaneously in the connected members. It is usually found to 
be most convenient to resolve the stresses in the diagonal members 
into their vertical and horizontal components, and to compute the 
vertical and horizontal bending moments on the pins separately. (It 
should be noted that the sum of the vertical forces as well as of the 
horizontal forces acting on a pin must always be zero.) Then the 
resultant moment at any point of a pin is equal to the hypothenuse 
of a right-angled triangle whose vertical and horizontal sides are 
equal respectively to the vertical and horizontal bending moments at 
that p)oint. 

Having found the maximum moment in inch-pounds, the size of 
pin required is found by inspection of Table VII herewith, wherein 
the bending values are obtained by multiplying the section modulus 
S of each size of pin by the jiermissible maximum fibre-stress of 
24,000 lbs. per sq.in. 

A pin may be large enough to resist the bending moment thereon, 
and yet too small for bearing; so care must be taken to ensure that 
the bearing of all members on the pin does not exceed the permissible 
limit of 24,000 lbs. per sq.in., as called for in Art. 18. 

It is seldom necessary to consider the shear, for a pin which is 
large enough to meet the requirements for bending and bearing is 
usually of ample size to resist the maximum shear, which latter, 
however, should not exceed 12,000 lbs. per sq.in. 

Since the pins are loaded symmetrically about their transverse 
centre hne, it is only necessary to consider the forces acting on one 
side of this centre line. 
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BENDING VALUES OF PINS WITH EXTREME FIBRE-STRESS OF 
24,000 POUNDS PER SQUARE INCH 
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Pin a. In Fig. 79 is shown one-half of pin a with the members 
connected thereto; also the vertical and horizontal components of 
the stresses in these members. 



Pin ana Connedsd Mtmben al a. 
Fio. 79. 

The vertical component of the stress in the end post is equal to 
the total stress in this member, multiplied by the depth of the truss 
and divided by the length of the member, =73,4SoX.^=s8,6oo lbs.; 
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and the reaction of the shoe standards is equal to this component; 
thus the downward force at either bearing of the post, and the upward 
force at either shoe standard are both equal to 58,600x4=29,300 lbs., 
as shown. The horizontal component of the stress in the end post is 
equal to the total stress in the bottom chord; thus the force acting 
towards the right at either chord bar and the force acting towards 
the left at either bearing of the end post are both equal to 44,iooXi = 
22,050 lbs., as shown. In determining the distances between the various 
forces, about J in, is allowed for clearance between any two adjacent 
members. The points of loading on the pin are marked with the 
numbers o, :, and 2, and the vertical and horizontal moments are 
computed in inch-pounds, as follows; 

Vertical moment at (1) =29,3ooX i =29,300 

(2) = 29,3ooX(ii-3) =29,300 

Horizontal moment at (i) = 22,osoXi =22,050 

(2)=22,050Xii =38,600 

Resultant moment at (z) =V' 29,300^ +38,600^ =48,600 

On referring to Table VII, it will be found that a af-in. pin, 
which has a bending value of 48,900 in. -lbs., is the size actually 
required. 

Pin B. In Fig. 80 is shown one-half of pin B with attached 
members. It should be noted that the pin plate for the top chord is 

I CenUv Un e 1 0! Trus> 



J Vertical Forcei Hcrlronld Forces 

Pin and Connected Members al B. 
Flc. So. 

on the inside, thus making the centre of bearing for this membei 
coincide practically with the back of the channel; whereas the pin 
plate for the end post is on the outside, which makes the centre of 
bearing for this member coincide nearly with the outer edge of the 
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web; the two bearings being about J in. c. to c, as shown. The 
tie bar is placed about midway between the top chord and the hip 
vertical; thus the rivet heads in these members require to be flattened 
only, instead of being countersunk. 

With the bridge fully loaded the stress in the end post, as shown 
in Fig. 77, =73,450 lbs., the vertical and horizontal components of 
which are 58,600 lbs. and 44,100 lbs.; thus the upward force at either 
bearing of the end post = 58,6ooXi= 29,300 lbs., and the force acting 
towards the right =44,100X^ = 22,050 lbs. The stress in the hip 
vertical = 2 1, 1 50 lbs.; so the downward force at either bearing of 
this member =21, 150X^ = 10,575 lbs. The stress in the top chord 
= 75,580 lbs.; and thus the force acting towards the left at either 
bearing=75, 580X^=37, 790 lbs. The maximum stress in the tie 
bar, as given in Fig. 77, does not occur with the condition of loading 
assumed for maximum bending moment on the pin; but, since all 
of the other forces are known, it is only necessary to make the vertical 
and horizontal components of the stress in this member such that 
the sum of the vertical and of the horizontal forces acting on the pin 
shall be zero. Therefore the downward force at either tie bar =29,300 
— 10,575 = 18,725 lbs.; and the force acting towards the right ■= 
37,790-22,050=15,740 lbs. 

These vertical and horizontal forces, with the distances between 
them, are shown in Fig. 80. Then 

Vertical moment at (i)= 29,30oXi =14,650 

(2)= 29,30oX(i + J) =40,300 

(3) = [29,30oX (i + }+ «)]-[i8,72sX «] = 50,300 

Horizontal moment at (i)= 22,o5oXi =11,025 

(2) = [22,o5oXa+J)]-[37,79oXi] = 2,800 

(3) = [22.o5oX (H }+ «)]-[37,79oX (i+ «)]+ 

[i5,74oXtt] = 2,800 
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Resultant moment at (3) = V 50,300* -I- 2,800' = 50,400 

On referring to Table VII it will be found that a 2|-inch pin, which 
has a bending value of 56,000 in.-lbs., is the size required. 

Pin C. In Fig. 81 is shown one-half of pin C and the members 
which it connects. Since the vertical component of the stress in the 
tie bar is greater than the horizontal component, this member is 
placed as close to the vertical post as practicable, making allowance 
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for rivet heads flattened to i in. high. The space between the tie 
bar and the top chord is filled by a cast-iron washer, or spool. 

This pin is subject to its maximum moment when the bridge is 
loaded from d to A, in which case the stress in member Cc^^ifi^o lbs., 
and that in Cd=40,8io lbs., as shown in Fig. 77. The vertical and 
horizontal components of the stress in Cd are equal respectively to 



Pin and Cmnected Members al C. 



32,650 lbs. and 24,480 lbs. Thus the upward force at either bearing 
of post Cc, and the downward force at either tie bar are each equal 
to 32,650X^=16,325 lbs. Since the top chord is continuous at the 
pin, it is only the difference between the stresses in members BC and 
CD which need be considered; and this is evidently equal to the 
horizontal component of the stress in member Cd. Therefore, at 
either tie bar there is a force acting towards the right equal to 24,480 
Xi = i2,240 lbs., and at either bearing of the top chord, a force of 
equal magnitude acting towards the left. 

The vertical and horizontal forces acting on pin C are shown 10 
Fig. 81, also the distances between them. Then 

Vertical moment at (i) =» o 

(2) = i6,32SXi =12,240 

Horizontal moment at {j) = i2,24oXii =15,300 

" (2) = 12,240X(lJ+i-i) = I5,30O 



Result, moment at (2) =>/ 12,240-* + 15,3002 = 19,600 

By Table VII a 2j-inch pin, which has a bending value of 33,500 
i.-lbs., is the size required. 
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Pin e. In Fig. &3 is shown one-half of pin e and the members 
connected thereby. The tie bars, as well as the chord bars, are out- 
side of the post. In determining the distances c. to c. of these bars, 
1^ in. is allowed for each bar to provide for the building up due to 
irregularities in the heads. 

This pin is subject to its maximum moment when the bridge is 
fully loaded, in which case the stress in each chord bar is equal to 
94,445X4 = 47,220 lbs. The verticil load on the pin-plates of the post 
is assumed to be equal to the total stress in the hip vertical, as shown 
in Fig. 77; thus the downward force at either bearing = 21,150X4= 
10,580 lbs. The vertical component of the stress in the two tie bars 
shown is equal to the load on one pin-plate of the post; consequently, 



Verticil Fbfcci Hotiior^l Forca 

Pin and Connected Members ai e 

Fig. 81. 

the upward force at either tie bar = io,s8oX4 = Si^9°"*s. The hori- 
zontal component of the stress in each tie bar is equal to the vertical 
component, multiplied by the panel length and divided by the depth 
of the truss, =5,2qoX iS=3'970 lbs. One of these forces acts towards 
the right, whereas the other acts towards the left. 

The vertical and horizontal moments on this pin may now be 
computed, as follows; 

Vertical momeni al (i}= o 

(3)= o 

(3)= 5.290XA " 3.PD0 

(4)= S.^9oX(ft + }<-t-H) -<i,6oo 

Horizontalmomeinat ([)'■ 47.s»'>XiA =50,200 

(3)- 47."oX0A + ti-W -So.'oo 

(3)=4-.2ioX(iA + if + ft-li-ft)]-[3,97oXftl=4S,ooo 

" (4)= 48.000 

Resultant moment at (4)- v'4«.ot>o'+ I'.tioo' =49,40O 
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The maximum moment, which is at (i) and (2), =50,200 in.-lbs.; 
and, by Table VII, a 2j-inch pin, having a bending value of 56,000 
in.-lbs., is the size required. 

Throughout the bottom chord and at the hips, 3 -inch pins are 
used, while 2i-inch are employed at the intermediate panel-points of 
the top chord. The pins are turned down at the ends (or shouldered), 
and provided with chambered, or recessed, nuts in order to insure 
fuD bearings for the outer members.* 

Pin-Plates. The thickness of all bearings must be such that the 
pressure on the pins will not exceed 24,000 lbs. per sq.in. 

In the end posts the total stress =73,450 lbs.; then 73,450-^24,000 
=3.06 sq.ins. bearing area required on the pins; and, since the 
diameter of the pins =3 ins., the thickness of the bearings must be 
equal to at least 3.o6-j-3 = i.o2 ins. Now the webs of the 9-inch chan- 
nels at 20 lbs. are each xfe in. thick, which are reinforced at a and B 
by two f-inch pin-plates, making the total thickness of bearing at 
these points (^-f f)X2 = if ins. The load on the pin-plates will 
be equal to the total stress in the post, multiplied by the thickness of 
these pin-plates and divided by the total thickness of the bearing, 

= 73,45oX—~-= 34,000 lbs.; and (since the single shearing value of 
1.025 

one }-inch rivet = 5,300 lbs.), 34,000-^5,300=6.4 rivets required in the 

two plates at either joint. The detail drawing. Fig. 78, shows six 

rivets in each plate, being nearly twice as many as required to meet 

the stress. 

In the top chord section BC^ the total stress = 7 5,580 lbs.; then 

75,580-7-24,000=3.15 sq.ins. bearing area required on the pin at 5; 

and 3.15-5-3 = 1.05 ins., which is the thickness of bearing required. 

The webs of the 9-inch channels at 15 lbs. are each ^ in. thick, and 

there are two f-inch pin-plates, making the total thickness of bearing 

(A + i)X2 = if ins. The load on the pin-plates=75,58oX— ^-^ = 

41,300 lbs.; and 41,300-7-5,300=7.8 rivets required. The drawing 
shows six rivets in each pin-plate, as before. 

When the pin-plates extend beyond the member reinforced thereby, 
as at a and B, they are usually termed jaw plates. At panel-point B, 
these plates are on the outside of the end post, but on the inside of 
the top chord. 

At panel-point C, the top chord is continuous; and it is only 
necessary to provide sufficient bearing for the horizontal component 
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of the stress in the tie bar Cdj which is equal to 40,8ioX 25 = 24,500 lbs. ; 
then 24,500-5-24,000=1.02 sq.ins. bearing area required on the pin; 
and 1.02-7-2.5=0.41 in., the thickness of bearing required. The webs 
of the two 9-inch channels at 20 lbs. are together equal to ^ in., thus 
no pin-plates are required. 

For the hip vertical tension member Bb, the pin-plates at B should 
be proportioned so that the net area between the upper edge of the 
pin hole and the top of the pin-plates will be at least equal to that 
required in the member itself; and that the net area through the 
pin hole will be 50 per cent greater than required in the member. Now 
the net sectional area required in the body of this member, as given 
in Fig. 77, =1.32 sq.ins.; and, since the pin-plates ai"e | in. thick, 
and the distance from the centre of the 3-inch pin to the top of the 
plates is 4 ins., the net area back of the pin hole (or above it) = (4— i^) 
X} = 1.875 sq.ins. The net sectional area required through the pin 
hole = 1.32X1^=1.98 sq.ins.; and, since the pin-plates are 9 ins. 
wide, the net area through the pin hole=(9— 3)Xf =4.5 sq.ins. The 
rivets used in this member are f in. diameter, the single shearing value, 
by Table V, being 3,680 lbs.; and, since the total stress= 21,150 lbs. 
the number of rivets required in the pin-plates= 21,1 50-7-3,680=6; 
whereas the drawing shows six rivets in each plate — or twelve rivets 
in all. 

In post Ccy the total stress =3 2, 650 lbs.; then, for the pin C, the 
bearing area required =32,650-^24,000= 1.36 sq.ins.; and the thick- 
ness of bearing required=i.36-7- 2.5=0.54 in. There are two f-inch 
plates provided, making a total thickness of f in. The number of 
f-inch rivets required in these plates=32, 650-5-3,680=9, while twelve 
rivets are provided, as shown. At pin c, the bearing is greater than 
the stress in the post on account of the additional load from the floor 
beam at this point; thus the maximum bearing on the pin is equal 
to the vertical component of the stress in tie bar5c = 55,40oxJ^ =44,300 
lbs., which, at 24,000, =1.85 sq.ins. required; and the required 
thickness of bearing = 1.85-5-3=0.62 in.; whereas the total thickness 
of the two f-inch plates = | in. 

The 6-inch channels of all the vertical members, as well as the 
inside pin-plates, are extended below the bottom chord for the con- 
nection of the floorbeams; whereas the outside pin-plates are only 
9 ins. long, as shown. 

Latticing. The latticing of the chords and posts is proportioned 
in accordance with rules given in Art. 16, Chap. IV, viz.: Single 
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latticing should make an angle of 60° with the longitudinal axis of 
the column; the width of the lattice bars should not be less than two 
and one-half times the diameter of the rivets used therein; and their 
thickness should not be less than one-fortieth of their length c. to c. 
of rivets. 

In the end posts and top chords, the rivets are J in. diameter; 
thus the minimum width of the lattice bars may be 2jxJ = iJins., 
whereas the bars used are 2jxf ins. The length of the bars c. to c. 
of rivets is about 14 J ins., so their minimum thickness may be 
14.75-^-40=0.37 in. Probably the lattice bars subject to the greatest 
Stress are those in the upper part of the end posts, where the shear 
due to the wind-load is equal to the induced force at O or M (Fig. 77) 
=4,266 lbs.; and, since the post is latticed on two sides, the bars and 
connecting rivets are evidentiy amply strong for this or any other 
duty they may be called upon to perform. As an exercise, the student 
may also investigate the efficiency of the lattice bars in accordance 
with the theory set forth in Art. 16. 

In the vertical posts, the rivets are f in. diameter; so the minimum 
width of the lattice bars may be 2^X1 = 1^ i^s., whereas the bars 
used are 2XA i^^s. The length of the bars c. to c. of rivets is about 
8i ins.; thus the minimum thickness may be 8. 5 -^ 40 =0.21 in. 

Top Chord Splices. The top chord is spliced at points 9 ins. 
from pins C, Dy and F. Since these are faced joints, the stresses are 
transmitted directly by the abutting surfaces, and the splice-plates are 
required only to hold the members in line. At panel-points B and 
H, the stresses in the plane of the truss are assumed to be transmitted 
through the pins, while the bent plates on the upper and lower flanges 
of the channels are only counted on to take care of the lateral stresses. 

Pier Members. The pier members consist of the shoes, rollers, 
bed-plates, and anchor bolts. 

The total load on the shoe is equal to the vertical component of 
the stress in the end post, =73,450X^ = 58,700 lbs. Thus the bear- 
ing area required for the pin on the shoe standards = 58, 700 -^ 24,000 
= 2.44 sq.ins. ; and the required thickness of bearing = 2.44-- 3 =0.81 in. 
Two 7X3^X1 in. angles are used, their combined thickness being 
I J ins. The object in using heavier angles in this place than 
required for pin bearing alone is to secure additional stifiFness 
transversely. 

Assuming the rollers to be 3 ins. in diameter, the permissible load 

per lineal inch = i,2oov'3 = 2,080 lbs.; and 58,7oo-^ 2,080=28 lin.ins. 
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required. There are four rollers, the bearing length of each being 
(i5i~2) = i3i ins., thus the total length of bearing provided = 13^X4 
= 54 ins. The rollers are turned down at the centre for a length of 
2 ins. in order to engage in the guide strips on the shoe- and bed-plates; 
and the ends are turned down to enter holes in the 2jX| in. spacing 
bars, as shown. The ends of the outer rollers are made long enough 
to insert cotter-pins, whereas the ends of the intermediate rollers are 
only long enough to pass through the spacing bars. 

At the expansion end, the shoe- and bed -plates are each ^ in. thick; 
the former planed on the bottom and the latter on the top, to J in, 
thick, leaving strips i^ ins. wide on the longitudinal centre line to 
serve as roller guides. The required area of the bed-plates =58,700 
-2-400 =147 sq.ins.; but the shoe- and bed-plates must also be large 
enough to accommodate the rollers and anchor bolts. The area of 
the bed-plates used = 15X22 =^330 sq.ins. The shoe-plates are ex- 
tended, as shown, to provide connections for the bottom laterals. 
Slotted holes ifX3 ins. are provided in the roller shoe-plates and 
round holes ij ins. diameter in the bed-plates for the ij in. anchor' 
bolts. 

At the fixed end, the bed-plates are made of cast iron, and theif 
height is equal to the diameter of the rollers, plus the thickness of 
the expansion end bed-plate =3! ins. With this arrangement, both 
bridge seats may be built at the same elevation. 

Eye-Bars and Rods. The heads of the steel eye-bars are made 
by upsetting the ends of the bars, and forging in dies of the required 
size. These heads are circular in form, and made of such diameter 
that the sectional area through the pin hole is 50 per cent greater 
than that of the bar. Thus, for a bar 3 ins. wide with 3 ins. diameter 
pin holes, the diameter of the heads=(3Xii)+3 = 7i ins. 

The loop ends of the square iron bars, used for counter ties, are 
made by bending the ends of a bar around a pin of the required size, 
and welding these ends to the body of the bar. The distance from 
the centre of the pin hole to the crotch should not be less than two 
and one-half times the diameter of the pin. These members are made 
in two parts and provided with tumbuckles for adjustment, as 
shown. 

Estimated Weight. An estimate, made from the detail draw- 
ing, Fig. 78, shows that the metal in the bridge weighs about 54,000 lbs. 
Then 54,000-^-120=450 lbs. per lin.ft.; whereas the weight of steel 
assumed for calculating the dead-load stresses was only 375 lbs. per 
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lin.ft. The extra weight is principally due to the lateral and sway 
bracing which are exceptionally heavy for a bridge of this class. It 
would be a profitable exercise for the student to recalculate the trusses 
in accordance with the corrected dead-load; but it will be found to 
make little difference in the total stresses, and probably none in the 
resulting sections. 



CHAPTER XII 

Coefficients for Stresses in Various Types of Trusses 

A LARGE percentage of the trusses used for highway bridges are 
constructed with parallel chords and designed for uniform loads. Now 
the labor of computing the stresses in these trusses may be greatly 
reduced by employing the tables of coefl&cients given herewith. In 
each of the tables, the dead- and 'live-loads are assumed to be uniform, 
and concentrated at the panel-points of the loaded chord. 

In connection with the Pratt trusses (Tables VIII and IX), it will 
be noted that the live-load tends to induce in most of the web members 
compression as well as tension. Thus, when the compression due 
to the live-load exceeds the tension due to the dead-load, the 
member should be designed as a column, otherwise a counter tie 
must be provided, and ' the tension therein will be equal to the 
difference between the dead-load tension in the main tie and the live- 
load compression when no counter ties are used. 

In the Warren girders (Tables X and XI), as well as in the sub- 
divided lattice girders (Table XII), no counter ties are employed; 
thus the members subject to compression from the live-load exceed- 
ing the tension due to the dead-load must be proportioned as columns. 

In all cases, the sign -|- indicates compression, and the sign — , 
tension. DL represents dead-load and LL live-load. 
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Table VIII 

COEFFICIENTS FOR MAXIMUM STRESSES IN THROUGH 

PRATT TRUSSES 
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6 


Be 


35 
10 


3d 

10 


27 
9 


28 
9 


20 
8 


21 

8 


14 


15 


9 
6 


10 
6 


Cc 


26 
10 


3 
10 


-'i 


_ 3 
9 


-1 


3 

8 


+ Y 


3 
7 


8 

^6 


3 
6 


Cd 


25 
10 


_28 

io 

+ 3 
10 


18 
9 


_2l 

9 

+ 3 
9 


12 

8 


15 

8 

-1 




10 

7 

+ ? 


3 
6 


6 
6 


Dd 


+ 1^- 
10 


+ 21 
10 
6 

10 
21 


-f 


+ 15 
9 
_ 6 

9 
_15 


-f 


6 

8 

10 





4 

6 

7 

6 








De 


16 
10 


10 

+ « 
10 


9 
9 


9 

+ 6 

9 


4 
8 


8 

-1 





7 

-1 






Ee 


-^ 


+ 15 
10 

_io 

10 
_15 





+ 10 

9 

_10 

9 
-10 
















^f 


6 
10 


10 

+ 10 
10 





10 
+ 10 
9 














Ff 




















! 
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Table VIII — Continued 





10 Panels. 


9 Panels. 


8 Panels. 


7 Panels. 


6 Panels. 


Members. 
























DL 


LL 


DL 


LL 

36 
9 


DL 


LL 


DL 


LL 


DL 


LL 


abc 


45 
10 


45 

10 


36 
9 


28 
8 


28 
8 


21 

7 


21 

7 


15 
6 


15 
6 


cd 


80 


80 


63 


63 


48 


48 


35 


35 


24 


24 


10 


10 


9 


9 


8 


8 


7 


7 


6 


6 


d0 


105 
10 


105 
10 


81 
9 


81 
9 


60 

8 


60 

7 


42 
7 


42 

7 






•/ 


120 
10 


120 
10 


90 
9 


90 
9 














BC 


80 
^10 


80 
^10 


4^ 


-f 


-f 


^ 8 


-f 


.f 


-1 


-f 


CD 


105 
"•■ 10 


105 
10 


-'i 


-1 


-f 


+ 60 
^ 8 


-f 


-¥ 


-f 


-f 


DE 


120 
' 10 


120 
"•" 10 


-? 


^f 


-? 


64 

^ 8 


4^ 


-f 






EF 


125 
"^ 10 


126 
10 


-1 


-? 








» 







Stresses in diagonal members' 
Stresses in vertical members < 
Stresses in chord members 



_ . , ^ length of member 
panel load X coefficient X - j^^^j^j ^^33 • 

' panel load X coefficient X 1 . 

.1 J w « • * K/ length of pane l 
: panel load X coefficient X ^epth of truss " 
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BRIDGE AND STRUCTURAL DESIGN 



Table IX 

COEFFICIENTS FOR MAXIMUM STRESSES IN DECK 

PRATT TRUSSES 




J/b/w/k 





10 Panels. 


9 Panels. 


8 Panels. 


7 Panels. 


6 Panels. 


Members. 


















DL 


LL 


DL 


LL 


DL 


LL 


DL 
. 3.5 


LL 


DL 


LL 




5 


. 5 


^4 5 


^4.5 


^ 4 


^ 4 


3.5 


3 


-1 


Aa 


+ 10 


+ 10 


+ 9 


+ 9 


+ 8 


+ 8- 


+ T 


+ 7 


+ 6 


aB 


46 
^10 


10 


+ f 


+ f 


+ f 


28 
^ 8 






-'i 


-^ 


Bb 




































36 




28 




21 




15 




10 


Be 


35 
10 


10 

-ho 


27 
9 


9 


20 
8 


8 


14 

7 


7 

-4 


9 
6 


6 


m 

Cc 


35 
^10 


1 

10 
28 


-f 


1 
9 

21 


+ 20 
^ 8 


1 
8 

15 


-^ 


4^ 

1 

7 


-1 


1 
6 

6 

6 
^ 3 


Cd 


25 
10 


10 


18 
9 


9' 


12 
8 


8 


7 
7 


10 

7 


3 
6 






10 




9 




8 




+ ? 




+ 6 






. 28 




. 21 




, 16 




/ 






Dd 


^10 


+ 10 
3 

10 
21 


-f 


+ 9 
3 

9 
15 


^ 8 


+ 8 
3 

'8 
10 




3 

7 


-1 


+ 1 


De 


15 


10 


9 


9 


4 


8 




6 






10 


+ w. 


9 


+ o 


8 


+ 1- 





7 










10 




9 




8 




+ v 










. 21 




. 15 








7 






E0 


10 


+ 10 
6 

10 
15 


-1 


+ 9 
6 

9 
10 


-1 


^i 










Ef 


5 
10 

10 


10 

^10 
10 





9 














Ff 


+ — - 
10 


+ .0 

















COEFFICIENTS FOR STRESSES IN TRUSSES 



181 



Table IX — Continued 





10 Panels. 


Panels. 


8 Panels. 


7 Panels. 


6 Panels. 


Members. 








1 










DL 


LL 


DL 


LL 


DL 


LL 

28 
8 


DL 


LL 


DL 


LL 


abc 


45 

10 


45 

10 


36 
9 


36 
9 


28 
8 


21 

7 


21 

7 


15 
6 


15 
6 


cd 


80 
10 


80 
10 


63 
9 


63 
9 


48 
8 


48 
8 


35 


35 
7 


24 
6 


24 
6 


d€ 


105 
10 


106 
10 


81 
9 


81 
9 


60 
8 


60 
8 


42 
7 


42 

7 






•f 


120 
10 


120 
10 


90 
9 


90 
9 














AB 
































BC 


80 
^10 


80 
^10 


-f 


4^ 


^ 8 


^ 8 




.f 


-'i 


-f 


CD 


105 
10 


105 
10 


-'i 


^'i 


^ 60 
"^ 8 


+ 60 

^ 8 


-f 


-'i 


-f 


-? 


DE 


120 
^ 10 


120 
10 


-? 


-? 


64 1 64 
f 8 , 8 


+".=' 

« 








EF 


^126 
10 


^125 
10 


-? 


-? 


] 

1 











Stresses in diagonal members — panel load X coeflficient X 



length of member 



depth of truss 
Stresses in vertical members = panel load X coefficient X I. 

Stresses in chord members ■■ panel load X coefficient X -r-- r — r-^ • 

depth of truss 
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BRIDGE AND STRUCTURAL DESIGN 



Table X 

COEFFICIENTS FOR MAXIMUM STRESSES IN THROUGH 

WARREN GIRDERS 




WbnelA 





8 Panels. 


7 Panels. 


6 Panels. 


5 Panels. 


4 Panels. 


Members. 


















DL 


LL 


DL 


LL 


DL 


LL 


DL 


LL 


DL 


LL 


aB 


^8 


-f 


-f 


-^ 


-f 


-1 


-f 


-V" 


-1 


-f 


Be 


28 


28 


21 


21 


15 


15 


10 


10 


6 


6 


8 


8 


7 


7 


6 


6 


5 


5 


4 


4 


cD 


+ 20 

8 


+ 21 
8 
1 

8 


-'i 


1 
7 


*i 


1 
6 


-1 


-1 

1 
5 


-1 


-1 

I 
4 


De 


_20 

8 


21 

"8 


14 

7 


15 

7 



6 


10 
6 


5 
5 


6 
5 


2 

4 


3 

4 

4 


«F 


+ 12 
8 


3 

8 


-1 


3 

7 


-1 


-1 

3 
6 





3 
5 






Fg 


_12 
8 


16 

8 


7 

7 


10 

7 

-1 


3 
6 


6 
6 

-1 










gH 


+± 
8 


6 

8 





-1 

6 

7 














Hi 


_ 4 
8 


10 
8 




















14 
8 


14 

8 


10.5 
7 


10.5 

7 


7.5 


7.5 
6 


5 
5 


5 
5 


3 
4 


3 


ac 


6 


4 


ce 


38 

8 


38 

8 


28 

7 


28 
7 


19.5 
6 


19.5 
6 


12.5 
5 


12.5 
5 


7 
4 


7 
4 




54 
8 


54 

8 


38.5 


38.5 
7 


25.5 
6 


25.5 
6 


15 
5 


16 
5 






«« 






gi 


62 

8 


62 

8 


42 

7 


42 

7 
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Table X — Continued 



Stresses in diagonal members = panel load X coefficient X - , — i--, — - — . 

depth of truss 



Stresses in chord members = panel load X coefficient X 



length of panel 
depth of truss ' 





8 Panels. 


7 Panels. 


6 Panels. 


5 Panels. 


4 Panels. 
















DL 


LL 


DL 


LL 


DL 


LZ. 


DL 


LL 


DL 


LL 


BD 


28 
8 


28 
8 


-'^ 


-'1 


-'1 




-^i" 


-1 


DF 


8 


8 


+1? 

1 


.f 


^1 


-^^- 


-'.^ 


-f 


-f 


-1 


FH 


60 

^ 8 


^^ 


-f 


-f 


-f 


-f 










HJ 


+ 8 ' 

1 


64 

8 
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BRIDGE AND STRUCTURAL DESIGN 



Table XI 

COEFFICIENTS FOR MAXIMUM STRESSES IN DECK WARREN 

GIRDERS 



ABCDEF^HIJ 








Z^ 


s/\ 


/\ 


y\ 


y^ 


sJ/^ 


s/^ 


sl/^ 


\ 






a c < 


B g 


i 








16 Panels. 


14 Panels. 


12 Panels. 


10 Panels. 


1 

; 8 Panels. 


Members. 
















DL 


LL 


DL 


LL 


DL 


LL 


DL 


1 

LL 


DL 


LL 


Aa 


-i^- 


-h 


^f. 


-^ 


^h 


-^ 


-il 


-il 


-^ 


-1- 


Cc 


-If 


-H 


-;i 


-M 


-n 


-i 


-1^ 


-fS 


-1 


-f 


aB 


120 
' 16 


120 
"*" 16 


14 


14 


66 

12 


66 
12 


10 


45 
10 


-f 


-f 


^ Be 


104 
16 


105 
16 


77 
14 


78 
14 


54 
12 


55 
12 

-f2 


35 

10 


36 
10 


20 
8 


21 
8 


cD 


88 
16 


^16 
3 

16 


+ «3 
14 


3 
14 


+ ^2 
12 


3 
12 


10 


3 

10 


^'i 


3 

8 


D0 


72 
16 


78 
16 

-.1 


49 
14 


55 

14 

-i! 


30 

12 


36 

12 


16 
10 


21 
10 

^^0 


4 

8 


10 

8 


•F 


56 
16 


10 
16 


35 
14 


45 

^14 
10 

14 


12 


+ 28 
12 
10 

12 


-fo 


10 
10 

10 






Fg 


40 
16 


55 
16 

16 


21 
14 


36 

14 

14 


6 

12 


21 
12 

12 










iH 


+ 24 
^16 


45 

16 
21 

16 


-.^ 


+ 28 
14 
21 

14 














Hi 


8 
16 


36 

16 

+ 28 

16 


















ac 


120 
16 


120 
16 


91 
14 


91 
14 


66 

12 


66 
12 


45 

10 


45 
10 


28 

8" 


28 
8 
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Table XI — Continued 



Meinbers. 



H 

• 

AB 
BCD 

DEF 

FGH 

HIJ 



Id Panels. 



DL 



4 



312 
16 

440 
■ 16 

504 
16 



224 
16 

384 



16 

480 
16 

512 



16 



LL 



+ 



312 

16 

440 
16 

504 
16 



224 
16 

384 
16 

480 
16 

512 
16 



14 Panels. 



DL 



231 
14 

315 



14 

343 
~ "14 





4 



14 
280 



14 
336 



4 



14 



LL DL 



" 14 

315 

~ 14 

343 
" 14 





168 . 168 



4 



14 

14 
336 



14 



12 Panels. 



162 
12 

210 



12 




120 



12 

192 
12 

216 
12 



LL 



162 

12 

210 



12 



120 
12 

192 



12 
216 



12 



10 Panels. 



DL 



105 
10 

125 
10 



+ 80 
10 

120 
10 



LL 



105 
10 

125 
10 





10 

120 
10 



8 Panels. 



DL 



60 
8 



8 

4-^ 
8 



LL 

_60. 
8 




8 
8 



_ ... f . «i...^n>> ..length of member 
Stresses m diagonals member » panel load X coefficient X —j — Tj- — tt • 

Stresses in vertical members —panel load X coefficient XI. 

« ... . !• ,v, «! . ^v. length of panel 

Stresses in chord members =» panel load X coefficient X ■ , - . ; — ^,- . 

deptn ox truss 
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BRIDGE AND STRUCTURAL DESIGN 



Table XII 

COEFFICIENTS FOR MAXIMUM STRESSES IN THROUGH 

SUBDIMDED LATTICE GIRDERS 



1 





1 




XXXXYY 


h 


\ 






£ 
Q 


b c d e f g h 


V 

1 


Hfl'fll* 


"Tk 




Members 


16 Pj 


&nels. 


14 Panels. 


12 Panels. 


10 Panels. 


8 Panels. 

1 
























DL 


LL 


DL 


LL 


DL 


LL 


DL 


LL 


1 DL 

1 


LL 




120 


. 120 


. 91 


.91 


^66 


^66 


^45 


^45 


. 28 


1 28 


aB 


+ 


4- 


+ -rT 


+ TT 


+ tt; 


+ T-: 


+ 777 


+ 777 


+ -^ 


1 +-_ 




16 


16 


14 


14 


12 


12 


10 


10 


8 


8 




112 


112 


. W 


, 8-* 


X 60 


, 60 


^40 


1 40 


. 24 


24 


BC 


+ — i— 


+ — ^ 


-f — 


+ .r 


+ T-: 


+ T-7 


+ 77r 


+ - — 


+ 


+ -- 




16 


16 
49 5 


14 


14 
35 


12 


12 
25.5 


10 


10 
15 


8 


8 
9.5 


CD 


48 


16 


_33.6 


14 


24 


12 


13.5 


10 


8 


"8 




16 


^1.6 


14 


+ lf 


12 


^1.5 


10 


^1.5 


8 


^1.6 






16 


^ 


14 




12 




10 




' 8 






43 




29.5 




21 




11.5 




7 


D§ 


40 


16 


26.5 


14 


18 


12 


8.5 


10 


4 


8 




16 


. 31 


14 


. 19.5 


12 


^13 


10 


7 


8 


+ f 


§F 


+ 2i 


^16 


12.5 


+ 14 


, « 


+ 12 


1.5 


10 








+ 16 


i 


*-14 


7 


^12 


7 


10 


^5.5 
10 










16 




14 




12 












. 25.5 




1 15 




^9.5 










FG 


^16 


+ 

16 

9.5 
16 

25.5 


^5.5 
14 


+ 14 
9.5 

14 
15 





+ 12 
9.5 

12 










GH 


16 
16 


16 
9.5 

^16 
21 


5.5 
14 


14 

+ «_5 
14 














Hi 


8 
16 


16 
^16 


















Be 


f 8 


+ » 


-^ 




+ « 


+w 


+ i 


+ -S 


+ c 


+ * 




16 


16 


14 


12 


12 


10 


10 


8 


8 


Cc 


64 


64 


50.5 


50.5 


36 


36 


..26.5 


26.5 


16 


16 




16 


16 
. 41.5 


14 


14 
. 31 


12 


12 
^19.5 


10 


10 
, 13 


8 


8 
, 5 5 


cD 


+ 40 


H -. 

16 


. 29 5 


+ 14 


+ ^» 


+ 12 


11.5 


+ io 


, 4 


+ -8- 




+ 16 


1.5 
16 


♦ 14" 


1 .5 1 
14 


12 


1.5 
12 


10 


1.5 
10 


^ 8 


1.5 
8 
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Table XII — Continued 



Members 


16 Panels. 14 Panels. 

1 


12 Panels. 


10 Panels. 


• 8 Panels. 


1 


















DL 


LL ' DL 

1 


LL 


DL 


LL 


DL 


LL 


DL 


LL 


DE 


32 
^16 


^16 
3 

16 


22.5 
14 


25.6 

14 
3 

14 


12 


12 
3 

12 


^6.6 
10 


^9.5 

10 
3 

10 





3 

8 


EF 


32 
16 


35 
16 


' 225 
14 


25.5 
14 


12 
12 


15 
12 


6.5 

10 


9.6 

10 






Fg 


24 
16 


295 

16 
5.5 

16 


15.6 
14 


21 

14 
^5.5 

14 


6 

12 


11.5 

12 
^6.5 

12 










gH 


-^ 


19.5 

16 
11.5 

16 


^1.5 
14 


^14 
11.5 

14 














HI 





16 
15 

16 


















abc 

1 


120 


120 


91 


91 


66 


66 


45 


45 


28 


28 


16 


16 


14 


14 


12 


12 


10 


10 


8 


8 


cde 


152 
16 


152 
16 


113.5 


113.5 

14 


78 
12 


78 
12 


51.5 


51.6 
10 


28 
8 


28 


14 


10 


8 


^h 


216 
16 


216 
16 


152.5 


152.5 
14 


102 
12 


102 
12 


58.5 


58.5 
10 






14 


10 




1 
ghi 

1 


248 
16 


248 
16 


169.5 169.5 

14 1 14 














CE 


160 
16 


160 
16 


, 117.5' 
^ 14 


117.5 
14 


12 


12 


53 5 
10 


53.5 
10 


+ 32 

^ 8 


+ 32 

^ 8 


EG 


224 
"*■ 16 


224 
16 


162.5 
14 


162.5 
14 


108 
■^ 12 


108 
12 


66.5 

^ 10 


66 5 

10 






GI 1 

1 


256 
16 


256 
16 


173.5 
14 

1 


173.5 
14 
















Stresses in diagonal members = p£ 


mel load Xcoeff 


. . ^ _IenRth 
icient X , -^—T 


C 

• • 

c 






Stresse 
Stresse 


s tn verti 
s in chon 


cat mem 
i mem be 


bers =-p£ 
rs = ns 


me I loa< 

inel ]na.t 


d Xcoeff 

1 yrnpfF 


icient X 


1 

lenKth c 


ic 





depth Cc 



INDEX 



PAGE 

Anchorage, Posts of Mill Building, 

111-113 
Angles, Moments of Inertia of 28 

Bases of Columns 89 

Bearing Plates for Plate Girder. . . 135 

Beams: 

Deflection of 43~56 

Shearing and Bending in 17-23 

Bending Moments on 

Bottom Chord Roof Trxiss 107 

Pins 165-172 

Posts of Mill Building 103 

Top Chord of RcK>f Truss 106 

Brackets for Floorbeams in Office 

Building 87 

Coefficients for Stresses in Trusses, 

177-187 

Columns and Struts 57-64 

Columns, Latticing of 65-67 

Components of Forces 5 

Composition and Resolution of 

Forces 5 

Connections for 

Ends of Floorbeams 151 

Ends of Stringers 89 

Couple 14 

Cover-plates, Length Required 125-127 
Crane Loads 70 

Dead-load for Highway Bridges. . . 70 

Definitions of 

Bending Stress 2 

Compressive Stress 2 

Dynamics i 



PACB 

Definitions of 

Elastic Limit 2 

Elasticity 2 

Force i 

Hydrostatics i 

Kinetics i 

Mechanics i 

Modulus of Elasticity 3 

Pneumatics i 

Shearing Stress 2 

Statics I 

Strain 2 

Stress 2 

Tensile Stress 2 

Ultimate Strerigth 3 

Unit Strain 2 

Unit Stress 2 

Deflection of Beams 43"56 

Details of 

Mill Building 1 13-1 1 7 

Office Building 87 

Pin-connected Truss 165-175 

Roof Truss 40 Foot Span 95 

Warren Girder (Rivetted).. 148-151 



Elastic Limit, Definition of 

Elasticity, Definition of 

Elasticity, Modulus of. Definition 
End Connections for Stringers. . 
End Stiffeners for Plate Girders. 
Equilibrium Polygon, Construction 

of 

Examples: 

Beams, Determination of Sizes 

Required 4i| 42 

189 



2 

2 

3 
89 

135 

23 
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INDEX 



PAOB 

Examples: 

Graphical Statics 7-13 

Mill Building 99-1 21 

Modulus of Elasticity 4 

Moments, Method of 14-16 

Moments of Inertia of Sections, 

Office Building 78-90 

Pin-connected Truss 1 20-foot 

Span 153-176 

Plate Girder 50-foot Span. , 122-137 

Roof Truss 40-foot Span 9»-9^ 

Warren Girder 50-foot Span 139-152 
Eye-bars 175 

Flange Splice, Plate Girder 135 

Flanges of Plate (iirder 133, 134 

Floor Loads for Buildings 69 

Floorb^am Connections 151 

Fkwrbcams 141, 1 5^1 

Force, Definition of i 

Force Polygon 6, 7 

Forces: 

Composition and Resolution of. ' 5 

Parallelogram of 5 

Polygon of 6 

Formula, Rankine's 59 

Formula for Length of Cover-plates 1 26 
Formula; for Deflection of Beams, 

43-56 

Formula Relating to Beams 35 

Foundations, Permissible Bearing 

on Masonry 72 

Foundations, Permissible Bearing 

on Soils 72 

Graphical Statics, Examples in, 

7. 8, 9, 92, 100 

Gusset-plates 98, 1 13, 148 

Gyration, Radius of 34 



H-beams, Properties of. . . . 
Hydrostatics, Definition of. 



64 
I 



PAOF 

Impact Stresses in Pratt Truss, 1 58-161 

Inertia, Moment of 25-33 

Intermediate StifTeners for Plate 

Girders 137 

Kinetics, Definition of i 



I-beams, Moments of Inertia of . . . 29 

Impact for Highway Bridges 70 

Impact Stresses in Warren Girder, 

145, 146 
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